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Chapter 1

Introduction

1.1 Black Holes and Cosmology

The study of astrophysical black holes (BH) is mainly driven by three differ-
ent rationales. First of all, the existence of this kind of objects is one of the
strongest implications of the theory of General Relativity, and their study
can give useful information on strong gravity effects in action.

Secondly, the emission processes, which allow us to detect such a kind of
sources, originate from accretion flows or relativistic jets. Both of these
mechanisms take place in regions very close to the BH, thus allowing to study
not only the physics of matter in extreme conditions, but also radiative effects
and relativistic magnetohydrodinamics.

Lastly, BH affect the formation and evolution of the structures they live in,
like galaxies, groups and clusters, and therefore play a key role in a broader
cosmological context.

This tight link between BH activity and galaxy evolution has been indicated

by several discoveries:

e the observation of a supermassive BH (SMBH) in most of the nearby

bulge-dominated galaxies (see e.g. Gebhardt et al. 2000; Ferrarese &
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Merritt 2000; Marconi & Hunt 2003, and references therein);

e the growth of SMBH happen mainly during active phases, and therefore
most local bulge galaxies should have passed an active phase in their
lifetime (see Soltan 1982; Marconi et al. 2004);

e the evolution of active BH (Ueda et al. 2003; Hasinger, Miyaji &
Schmidt 2005; La Franca et al. 2005) and of star-forming galaxies

(Cowie et al. 1996; Franceschini et al. 1999) have a very similar shape.

Models constrained from evolving optical and X-ray luminosity functions
gave encouraging results, predicting some of the observed trends in AGN.
However, the overestimation of the space density of low-luminosity sources,
along with other observational evidences, suggest that a significant fraction
of accreting BH (as high as 50%) is missed by current surveys.

All these pieces of evidence imply that the realization of a complete census
of accreting black holes and constraining their feedback action on the host
galaxies are key steps towards the understanding of the galaxy formation and

evolution.

1.2 Thesis Outline

This Ph.D. Thesis is devoted to the study of accreting BH from a cosmological
point of view, and is organized as follows. A brief introduction on AGN
structure and evolution is given in Chapter 2. In Chapter 3 the creation of
the two main data sets used in the following works is discussed, and the two
final samples are presented.

In Chapter 4 a measure of the probability distribution function of the radio
loudness of AGN is present. I have worked on this topic during the first
months of my Ph.D. work.
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The main subject that I have dealt with is the measure of the density of
highly obscured AGN from mid-infrared selected samples, that is discussed
in Chapter 5.

Since this analysis has been performed after the measure of the probability
distribution function discussed in Chapter 4, we were not able to include the
results on the density of Compton thick AGN sources in the previous work.
During my three Ph.D. years I have collaborated to other research projects.
The study of the relationship between radio luminosity and X-ray luminosity
in AGN discussed in Chapter 4 has been carried on in collaboration with
Andrea Bonchi and extended to the K —band luminosity to a fundamental
plane relation. These studies have been recently published in the MNRAS;
the paper is presented in Appendix A.

I have also taken part in several observing proposals with major telescopes
and instruments (like VLT ISAAC and SINFONI, LBT-LUCIFER, TNG),
working personally on the preparation of the observing runs, i.e. defining the
samples and preparing the finding charts and the run scripts for observations
in service mode. The proposals in which I have been involved are presented
in Appendix B.

Throughout this work, a flat cosmological model with Hy = 70 km s™1, Qy =
0.3 and 24 = 0.7 has been assumed. Further details on the cosmological and

cosmographic definitions adopted in this work are given in Appendix C.






Chapter 2

Active Galactic Nuclei

This Chapter aims at providing a very brief introduction on the physics of
AGN, and their evolution in the context of galaxy formation and evolution
models. A more detailed discussion can be found in Peterson (1997) and
Krolik (1998) textbooks. For the evolutionary topics, see also Merloni &
Heinz (2012).

2.1 Basic concepts

With Active Galactic Nuclei (AGN) are usually described galaxies with en-
ergetic phenomena in their nuclei, or central regions, that cannot be clearly
and directly attributed to stellar activity. Sefyert galaxies and quasars repre-
sent the largest subclasses of AGN; the fundamental difference between these
two classes is the amount of emitted radiation: while in a Seyfert galaxy the
luminosity of the central source at visible wavelengths is comparable to the
luminosity of the whole galaxy, in a quasar the central source may be up to
100 times brighter.

There are some characteristic features that are usually present in an AGN,

although not necessary at the same time, including;:
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Figure 2.1: Optical spectrum of a typical Seyfert 1 (from Hawkins 2004).

e small, unresolved angular size;

e nuclear broad-band emission, over a wide portion of the electromagnetic

spectrum;

e strong nuclear emission lines, mainly found in the infrared and opti-

cal/UV part of the spectrum;

e variability, both in the continuum emission and in the emission lines,

especially in the X-rays;

e higher degree of polarization (0.5 — 2%) with respect to the normal

galaxies.

AGN have been classified on the basis of their emission in the optical, X-ray
and radio band. In the optical/UV band, the classification is based on the
shape of the emission lines; it is possible to distinguish between two main

groups:
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Figure 2.2: Optical spectrum of a typical Seyfert 2 (from Hawkins 2004).

Broad-line emission galaxies (or Type-1 AGN, AGN1) show two separate
emission line systems: broad lines corresponding to permitted transitions
(e.g. Lya, CIV, Mgll, Balmer hydrogen lines) in a gas with v > 10* km s71,
and narrow lines corresponding to forbidden transitions (e.g. [NelV], [NeV],
[O11], [OIII]) in an ionized gas with low density (n. = 10* — 10° cm™2) and
v ~ 10> km s~'. An example of a typical spectrum of a Type-1 AGN is

shown in Figure 2.1.

Narrow-line emission galazies (or Type-2 AGN, AGN2) are only character-
ized by narrow emission lines, from both permitted and forbidden transitions.
In Type-2 AGN the continuum emission is weaker with respect to the contin-
uum seen in Type-1 AGN, and is almost flat. Figure 2.2 shows an example

of a typical spectrum of a Type-2 AGN.
In the X-rays the absorption effect is weaker than in the optical/UV band, but

it is still able to induce variations in the spectrum. The obscuration in the X-

ray band is usually parametrized in term of the column density (Ng), which
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represents the number density per unit area of hydrogen-equivalent atoms
integrated along the line of sight. The presence of this material induces a
flattening in the low energy part of the X-ray spectrum; the cutoff energy
depends on the Ny value, and increases for increasing Ny. AGN with Ny <
10?2 cm? are usually defined as unobscured (or unabsorbed) AGN, while AGN
with Ng > 10*2 cm? are defined as obscured (or absorbed AGN). The latter
are further divided in two classes of absorption. The observed, absorbed flux

Fs can be written as

Fobs()\) = Fint(>‘)€_‘r7 (2'1)

where F} is the intrinsic, unabsorbed flux and 7 is the optical depth:
T = /O'T cosOn(r)dr = Nyo,, (2.2)

where the integral is defined along the line of sight, n(r) is the number
density, 6 the angle to the normal and o1 = 6.65 x 1072 ¢cm~2 the Thomson
cross-section. If 7 > 1, the source becomes optically-thick, and is opaque
to the optical/UV and X-ray photons. This happens when Ny 2 1/0, (~
10%* em™2); sources with Ny > 10** cm™2 are therefore defined as Compton-
thick AGN, while absorbed sources with Ny < 10** cm~2 are usually defined
as Compton-thin AGN.

At radio wavelength, AGN have been divided in two main groups, depending
on the intensity of their radio emission. A fraction of ~ 10% of the AGN
population is defined as radio-loud, while the remaining sources are radio-
quiet. However, the criterion used to distinguish between these two classes

is not well defined.

2.2 Inner structure

The most bright AGN may emit bolometric (emitted across the whole elec-

1

tromagnetic spectrum) luminosities as high as 10*® erg s7%, in a volume that
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is significantly smaller than a cubic parsec. The fundamental question about
AGN is then how this great amount of energy is generated. It is widely
accepted that the central engine of AGN consists in a supermassive black
hole surrounded by an accretion disk, where the material in gravitational
infall dissipates its kinetic energy. This accretion disk is then heated to high
temperatures, and is thus responsible of most of the observed radiation.

It is possible to estimate the mass of the SMBH by assuming that the accret-
ing material is a fully-ionized hydrogen gas, as well as isotropy and stability
of the central source. The radial component of the gravitational force acting

on an electron-proton pair, with masses m, and m, respectively, is:

GM(my, + me) GMmy,
Fgrav = - 2 = _77 (23)

where M is the mass of the central source. For high energy production rates,
the radiation pressure due to Thomson electron scattering become important
on the accreting gas. The radial component of the outward force on a single

electron due to radiation pressure is given by
L

% e
Amr2c’

where L is the luminosity of the source. To avoid disintegration of the source,

Flag = (2.4)

the outward radiation force must be balanced by the inward gravitational
force. Therefore, the luminosity of the source must not exceed a maximum

allowed value, the Eddington luminosity (Lg):

e M M
L= 22T 196 x 103 erg s~ (2.5)
UT M@
If we consider sources with Ly, = 10% — 10*® erg s7!, a central mass of

108 — 101 M, is obtained from Equation 2.5.
Another key question concerns how efficiently the accreted mass is converted

into radiated energy. The rate at which energy is emitted by the nucleus is

L=eMc, (2.6)
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where € is the radiative efficiency and M =dM /dt is the mass accretion rate.
The potential energy of a mass m at a distance r from the central source of

mass M is U = GMm/r, so the luminosity of the source can be written as:

U GMM
L~—= . 2.7
dt r (27)
Combining Equations 2.6 and 2.7 we obtain:
GM 1Rs
= =-—— 2.8
I (2:8)

where we have introduced the Schwarzschild radius Rs = 2GM/c*. The
bulk of the emission of the optical/UV emission from the accretion disk is
believed to be produced at r ~ 5Rg. Therefore, this simple calculation
suggest that € ~ 0.1. With this radiative efficiency, a relatively low accretion
rate is requested to fuel even a fairly high luminosity source (e.g. M ~
2 Mg, yr=* for L ~ 10% erg s7!). However, the value of the radiative efficiency
depends on how the accretion actually occurs, though € ~ 0.1 is a fairly good

approximation.

2.3 Continuum emission

The AGN spectral energy distribution (SED) is quite complex, and spans
a very wide range of wavelengths, from radio to y—rays. At a first order

approximation, it can be described with a power-law:
F, v, (2.9)

where the energy index « is usually found in the range o = 0 — 1.

As an example, Figure 2.3 shows typical SED of a Seyfert galaxy, a radio-loud
quasar and a radio-quiet quasar. The gap in the UV part of the spectrum,
between 912 A (the Lyman continuum edge) and ~ 100 A is due to ab-
sorption by neutral hydrogen in our own Galaxy, which makes any detection

impossible at these wavelengths.
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Figure 2.3: SED from radio to X-rays of a Seyfert galaxy, a radio-loud quasar and a
radio-quiet quasar (from Koratkar & Blaes 1999).

While a power-law representation is a reasonable description of the SED when
looking over several decades of frequency, a deeper analysis reveals many
features, suggesting that the continuum emission is produced by different

processes in different regions of the spectrum.

A great amount of energy is emitted in a feature that dominates the spectrum
at wavelengths shorter than 4000 A and extends beyond 1000 A, the so called
big blue bump. In the X-ray region, AGN spectra usually show a sharp rise
with decreasing photon energy, the soft X-ray excess, that may be the high
energy end of this feature. The big blue bump is attributed to a thermal

emission with 7" ~ 10° K. As a first order approximation, we can assume
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that the accretion disk radiates locally like a blackbody:

2h13 1
c2 ew/kT(r) _ 1’

B, = (2.10)

where T'(r) is the disk temperature at a distance r from the center. Under
the assumption that the disk is geometrically thin (and optically thick), it
is possible to obtain the total specific luminosity of the disk by integrating

over the full range of radii:

_ Ar?h3 cosi /R"“t rdr (2.11)

Lu — T I (Y 10
c2 Ri ehv/kT(r) _

where i is the inclination angle of the disk to the plane of the sky, and R;,
and R, are the inner and outer boundaries of the disk, respectively.

At low frequencies, hv < kT (Royt), the emission follows the Rayleigh-Jeans
approximation (i.e. B, o ©?), while in the high-frequency regime the Wien

3¢~hv/KT) " The thermal spectrum at intermediate

law holds (i.e. B, x v
frequencies, where indeed most of the energy is emitted, can be also approx-
imated in a simple fashion, by assuming R, > R;,. This approximation
holds when there is a wide range of temperatures in the disk; otherwise, the
emitted spectrum should look fairly close to a single-temperature blackbody
spectrum. If we further assume that R;, ~ Rs and R, — o0, we obtain

/3 An important prediction of this simple

from Equation 2.11 that L, oc v
model is that the UV radiation and the optical radiation are emitted mostly
in different parts of the disk.

The infrared continuum has probably a thermal origin, as supported by sev-
eral pieces of evidence. Most AGN show a local minimum in their SED
around 1 pm, which may represent the transition region between the hot
thermal emission from the accretion disk and a cooler (7" < 2000 K) thermal

emission. Hot dust grains in the nuclear regions have indeed a tempera-

ture around 2000 K; higher temperatures should induce sublimation of dust
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grains. This temperature limit allows to explain the constancy of the fre-
quency where the infrared spectrum is weakest with a Wien cut-off of a 2000
K blackbody.

Some observations show that the far infrared spectrum decreases rather
sharply at higher wavelength, with a spectral index a < —2.5. A thermal
spectrum can produce a cut-off this sharp because the emitting efficiency
of dust grains has a strong dependence on the frequency (@, < v7, with
v ~ 2). Therefore, the emitted spectrum can have a very strong frequency
dependence, F), oc 17,

The mid infrared part of the spectrum is also characterized by several emis-
sion bands from Polycyclic Aromatic Hydrocarbons (PAH). PAH are carbon-
based molecules that are excited in the regions of star formation, and have
characteristic infrared bands at 3.29, 6.2, 7.7, 8.7, 11.3 and 12.7 pm; other
weaker features are present at other wavelengths, in the range 3 — 15 pm.
Silicates also play an important role at mid infrared wavelengths: bands
around 10 and 18 pm are often observed in obscured AGN and high infrared
luminosity galaxies.

The X-ray emission accounts for typically ~ 10% of the bolometric luminos-
ity of AGN. With its rapid variability, on timescales of the order of a day,
it provides a probe of the innermost regions of the source. Historically, the
X-ray region of the SED has been divided in soft X-rays (~ 0.1—2 keV), hard
X-rays (~ 2—100 keV), due to the different technologies used in the observa-
tions. In X-ray astronomy, SEDs are usually fitted in photons per keV rather
than in energy per unit frequency, Pz o< E~' oc v~ [photons s7! keV~!]; in

units of energy flux we have:
F,ocv ™ oy (2.12)

where « is called energy index and I' = o + 1 is called photon index. Figure

2.4 shows the average total X-ray spectrum of a Type-1 AGN, as well as the
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Figure 2.4: Average total X-ray spectrum (thick black line) of a Type-1 AGN. Thin lines

show the main components of the spectrum, as labeled (from Risaliti & Elvis 2004).

various components that contribute to the spectrum. Soft X-ray region is
usually well fitted with a power law with « 2 1, while in the hard X-ray
region a flatter slope (o ~ 0.7 — 0.9) is required. At higher energies, fits to
the X-ray spectrum of Seyfert galaxy suggest a high-energy cut-off around
a few hundreds keV. At even higher energies, only blazar-type sources (i.e.
those with a strong beamed component) have been observed.

The origin of the X-ray emission is ascribed to inverse-Compton scattering
of low energy photons by more energetic electrons. The basic idea is that the
optical/UV photons emitted from the accretion disk are scattered to higher
energies by hot (probably relativistic) electrons in a corona surrounding the
disk (this process is usually called Comptonization).

In addition to the basic power-law described above, AGN spectra show sev-

eral indipendent features. As already discussed, in the soft X-ray region
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many AGN show a soft excess, usually explained as the Comptonized Wien
tail of the big blue bump. At low energies (hv < 2 keV), absorption of heavy

elements with column densities around ~ 1022 ¢cm =2

are also often observed;
these are commonly referred to as warm absorbers. In the high energy region
(hv 2 10 keV) AGN spectra rise above the power-law spectrum. This feature
is attributed to Compton reflection of high energy photons on a lower energy
electron gas, perhaps the disk itself.

The radio continuum has clearly a non-thermal origin, and it is associated
to synchrotron emission. There are at least two pieces of evidence for a
non-thermal emission. The spectral index is almost flat, but it becomes pro-
gressively steeper at shorter wavelengths. This behavior is characteristic of
optically thick sources that undergo continued injection of higher energy elec-
trons. Low energy cutoffs, attributable to synchrotron self-absorption, are
detected in some sources, with a frequency dependence weaker than expected
(F, o< v°/?). This dependence, as well as the flatness of the spectral index,
are usually explained with the complexity of the source structure.

The specific intensity [, of a radio source at a given frequency can be deter-
mined by measuring the flux and angular size of the source. It is possible
to associate to the source an equivalent temperature Ty (the brightness tem-
perature), defined as the temperature that the source would have if it was
indeed radiating like a blackbody. At radio wavelengths, the Rayleigh-Jeans
approximation holds for any temperature, so for an optically thick thermal

source the intensity is given by the Planck function B, for hv < kT"

F, 2kTy
]V = = BV = ,
mH?2 A2

(2.13)

where F, is the observed flux at a frequency v = ¢/ and 6 is the angular size
of the source. Measurements of F,, and € for several compact extragalactic
radio sources constrain Ty in the range 10* — 102 K, which clearly rules out

a thermal origin for radio emission.
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Figure 2.5: The Unified Model of AGN. Green arrows show the lines of sight associated
with each class of object (from Urry & Padovani 1995).

2.4 The Unified Model of AGN

The presence of both strong high ionization and low ionization narrow lines
is common to both types of AGN, and with similar line ratios. This sug-
gested that all AGN are powered by the same intrinsic engine and led to
the formulation of the standard Unified Model for AGN (Antonucci 1993;
Urry & Padovani 1995). In this scenario, the observed differences between
Type-1 and Type-2 AGN arise from orientation dependence, while the basic
source structure remains the same. There is indeed abundant evidence that
AGN have axisymmetryc structure, and thus radiates anisotropically. The
observed properties of a particular source thus depend on the location of the

observer.

The current paradigm is built around a central engine, that consists of an
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accretion disk surrounding a supermassive (M 2 105 M) black hole. Rel-
ativistic jets emerge from the central region along the disk axis, emitting
Doppler-boosted radiation via synchrotron emission and inverse Compton
scattering mechanisms. The broad lines observed in Type-1 AGN are thought
to be produced in dense (n, = 10° cm™?) gas regions nearby the central source
(within a few thousands gravitational radii), where the influence of the grav-
itational field of the BH is strong. On parsec scales, the entire system in
enshrouded in a dusty torus that is opaque to most of the electromagnetic
radiation. The torus plays a key role in the framework of the Unified Model,
since it allows the direct observation of the central region (including the BLR)
only along particular directions. Narrow lines are generated in distant (on

torus scale), rarefied gas regions, where the gravitational influence from the

BH is less intense.

Therefore, an observer looking at the AGN on the torus plane (i.e. edge-on)
has the view of the innermost regions (that produce the optical/UV and soft
X-ray continuum) and of the BLR obstructed by the intercepting material.
Only narrow emission lines are directly visible in this case. An observer
looking along the axis has instead a direct view of both the BLR and the

NLR, as well as the accretion disk continuum emission (Figure 2.5).

One of the most convincing evidences in favor of this model is the detection
of broad optical lines in the polarized spectra of Type-2 AGN. This suggests
that the BLR is still present in Type-2 nuclei, but is actually hidden from
our line of sight due to the obscuring material. However, the emitted light
is scattered in our direction from material distributed on scales larger than
the absorbed. Such reflected light is very weak compared to the light of the
galaxy, but it has a high degree of polarization, and therefore can be detected

in the polarized spectrum.

Although this simple model has allowed to explain much of the complex

AGN phenomenology, there is evidence supporting that additional effects are
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Figure 2.6: Differential Euclidean radio counts at 1.4 GHz from several data releases (from
La Franca, Melini & Fiore 2010).

requested to explain the differences between Type-1 and Type-2 AGN, like
the discovery of Type-2 sources without broad optical lines in the polarized

spectrum.

2.5 Number counts and luminosity function

In order to describe how the AGN population has changed during cosmic
time, several statistical technique have been employed. The simplest obser-
vational tool that can be used to describe the evolution of a sample of objects
are the number counts. By number counts one typically means the surface
density in the sky of a given class of sources as a function of the limiting flux
of the observations.

More information can be drawn from the luminosity function (LF), defined



2.5. Number counts and luminosity function 27

as the number of sources per unit volume and luminosity with luminosity in

the range between L and L + dL:

AN
*(L) = FvaL.

(2.14)

Let us assume that the local universe is Euclidean and filled with sources
with LF ®(L). Sources with luminosity L can be observed out to a distance
r = (L/4wS)'/? being S the limiting flux of the observations. The number
counts of sources over the solid angle €2, are then:

<1

1 Q 0
_ 10,3 _ —-3/2 3/2
N(> S) /L P R(L)dL 3(4@3/25 /L LPRo(L)dL, (2.15)

where Ly, (7) is the faintest luminosity that can be observed over a flux limit
S out to a distance ry.c. Therefore, the slope of the cumulative number
counts of a (non-evolving) class of objects in an Euclidean universe is fixed
to —3/2.

In a more general case, the correct relativistic expression for number counts
differs from Equation 2.15, due to cosmological effects. Radiation emitted
at frequency 1/ is observed at a redshifted frequency v = v//(1 + z), and
therefore the observed flux density depends on the shape of the spectrum of
the source. Moreover, curvature effects modify the volume element per unit
redshift, making it smaller at increasing z.

The simplest general approach to describe the evolution of a LF is by defining
two functions fy4(z) and fi(z) that take into account the evolution of the

number density and luminosity respectively:

(L, 2) = fa(z)®(L/ fi2), 2 = 0). (2.16)

In the pure luminosity evolution (PLE; Mathez 1976) scenario, the comoving
number density of sources is constant (so f; = cost), but luminosity varies

with cosmic time; in the pure density evolution (PDE; Schmidt 1968) case,
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Figure 2.7: The space density of AGN as a function of redshift in different luminosity bins.
Solid lines show the best-fit values in LDDE model with evolving Ny depending on Lx
and z (from La Franca et al. 2005).

the shape of the LF and the source luminosity are fixed (f; = cost), while

the comoving density of sources of any luminosity varies.

While the PDE model fails to describe the observed quasar number counts
and overpredicts the CXRB, the PLE model tends to overpredict the num-
ber of SMBH with M > 10' M. Therefore, more complex models have
been developed throughout the years. The most accurate description of the
overall evolution of the LF comes from deep X-ray surveys. While for opti-
cally selected quasar the PLE model still provide a good fit of the data, the
luminosity dependent density evolution (LDDE) model is invoked to describe
the evolution of the X-ray LF (Ueda et al. 2003; see also Hasinger, Miyaji
& Schmidt 2005 for soft X-ray selected AGN). As in the PDE model, the
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redshift evolution of the LF is described as

d(I)(Lx,Z) - d(P(Lx,Z = O)
legLX N legLX

e(Ly,z), (2.17)

where the local LF is usually represented with a power-law with two different

indexes, for low and high luminosities:

dd(Lx) | AL} "Ly" Ly < L. (2.18)
dLx | ALY™® Lx>1L,. '
and the evolution factor e(z) is defined as:
1 p1 <z L 7
e(z) = (L2, 2 S zl(Lx) (2.19)
e(ze)[(1+2)/(1+ 2(Lx))?, 2> 2.

The z. parameter represent the redshift at which the evolution stops. The
parameters p; and p, characterize the rate of the evolution and the rate of
counterevolution for z > z. respectively.

The LDDE model is obtained by introducing a luminosity dependence of z.,

assumed to be a power-law (La Franca et al. 2005):

; Lx > L,
2(Lx)d X = (2.20)
Z:(Lx/La)a, Ly < L,.

It has been shown that (a) the peak of the AGN space density moves to
smaller redshift with decreasing luminosity, and (b) the rate of evolution
from the local universe to the peak redshift is slower for less luminous AGN
(downsizing; see Figure 2.7). It appears that SMBH generally grow in an
”anti-hierarchical” fashion, i.e. while more massive SMBH (1075 — 10° M)
in rare, luminous AGN could grow efficiently at z = 1 — 3, smaller SMBH in
more common, less luminous AGN had to wait longer to grow (z < 1.5).

There is also strong evidence on the redshift and luminosity dependence of

the fraction of obscured (Ny > 10?2 cm~2) AGN: it has been shown that this
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fraction increases with decreasing luminosity (Ueda et al. 2003; La Franca
et al. 2005; Treister & Urry 2005) and increasing redshift (La Franca et al.
2005; Treister & Urry 2006; Hasinger 2008).

Attempts to constrain models for galaxy formation and evolution from the op-
tical and X-ray luminosity functions were made in the last decade by several
authors (see e.g. Granato et al. 2001, 2004; Di Matteo, Springel & Hernquist
2005; Menci et al. 2004, 2005). The predictions of these models are in good
agreement with some of the observations, like the downsizing trend; however,
they overestimate by a factor of ~ 2 the space density of low-luminosity,
Seyfert-like AGN at z = 1.5 — 2.5.

2.6 X-ray surveys and the X-ray background

As already mentioned in Section 2.3, AGN are powerful X-ray emitters. The
discovery of the cosmic X-ray background (CXRB; Giacconi et al. 1962)
opened up a privileged window for the study of the energetic phenomena
associated with accretion onto black holes.

The X-ray sky is almost dominated by the AGN population, due to the
relative weakness of the other X-ray emitters (mostly X-ray binaries, but
also magnetically active stars, cataclysmic variables), at least down to the
faintest fluxes probed by current X-ray telescopes. The goal of reaching a
complete census of evolving AGN has therefore been intertwined with that
of fully resolving the CXRB into individual sources.

In the last decade, the launch of modern X-ray telescopes like Chandra
(NASA) and XMM-Newton (ESA) has enabled strong observational progress.
Sensitive imaging spectroscopy in the 0.5 — 10 keV band with up to 50 — 250
times the sensitivity of previous missions, as well as high quality positional
accuracies (up to ~ 0.3 — 1” for Chandra) were made available for X-ray

astronomy studies. Deep extragalactic surveys have probed the X-ray sky
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Figure 2.8: Observed spectrum of the extragalactic CXRB from several X-ray satellites
data. The solid magenta line shows the prediction of the Gilli, Comastri & Hasinger (2007)
model for AGN (unobscured + Compton-thin) and galaxy clusters; red and blue solid lines
represent the contribution from unobscured and Compton-thin AGN respectively (from
Gilli, Comastri & Hasinger 2007).

down to extremely faint fluxes (as low as ~ 107" erg s™! ecm™2 in the 0.5 — 2
keV band and ~ 1071% erg s7! em™ in the 2 — 8 keV band), thus making

available large source samples for statistical X-ray source population studies.

With these deeper and larger X-ray surveys that have been performed, a
new generation of synthesis model for the CXRB has been developed (see
Gilli, Comastri & Hasinger 2007; Treister, Urry & Virani 2009). These new
models have progressively reduced the uncertainties in the Ny absorption
distribution, providing an almost complete census of the unobscured and
moderately obscured AGN populations. These sources dominate the X-ray

counts in the lower energy band, where almost all the CXRB radiation has
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been resolved into individual sources.

However, at the peak energy of the CXRB (around ~ 30 keV), only a small
fraction (~ 5%) of the emission has been resolved into individual sources.
CXRB synthesis models ascribe a substantial fraction of this unresolved emis-
sion to Compton-thick AGN. Gilli, Comastri & Hasinger (2007) model re-
quires that a population of Compton-thick AGN as large as that of Compton-
thin AGN should exist to fit the residual background emission. Still, the
redshift and luminosity distribution of these sources is essentially unknown,
due to their faintness even at hard X-ray energies. The quest for the physical
characterization of this missing AGN population represents one of the last

current frontiers of the study of AGN evolution.

2.7 SMBH growth in galaxies

In the early 1990s, deep optical surveys of star-forming galaxies began to
probe the cosmological evolution of the rate at which stars are formed within
galaxies, thus providing robust constraints for models of galaxy formation
and evolution (see e.g. Madau et al. 1996). It was soon clear that the QSO
(optical) luminosity density and the Star Formation Rate (SFR) density
evolved in a similar fashion, being much higher in the past, with a broad
peak around z ~ 2 (Boyle & Terlevich 1998).

Direct measures of the SMBH masses can be obtained from stellar dynamics
or spectral analysis of circumnuclear dust and gas. However, it has been pos-
sible to perform these measures only for a small (~ 50) number of SMBH,
due to limitations induced by spatial resolution. With these measures avail-
able, it has been observed that the SMBH mass (Mgy) correlates tightly with
some structural parameters of the host galaxy, like the host spheroid mass
(Kormendy & Richstone 1995; Marconi & Hunt 2003), luminosity (Magor-
rian et al. 1998) and stellar velocity dispersion (Ferrarese & Merritt 2000;
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Gebhardt et al. 2000).

Direct or indirect (from scaling relations) knowledge of the SMBH masses
allows to test the classical ”Soltan argument” (Soltan 1982), according to
which the local mass budget of SMBH in galactic nuclei should be accounted
by integrating the overall energy density released by AGN, assuming an ap-
propriate radiative efficiency parameter. The total accreted mass can be

computed as a function of redshift:

s dt
pon = [ () - (2.21)

where the black hole accretion rate density ppu(z) is given by:

1—c¢
ec?

pBH(Z) = /(I)(Lbola Z)dLbol, (222)

where ®( Ly, 2) and Ly = eMc> represent the bolometric LF and the bolo-
metric luminosity respectively.
This computation has been performed either using the CXRB as a ”bolome-

Wi

ter” to derive the total energy density released by the accretion process
(Fabian & Iwasawa 1999), or by considering evolving AGN luminosity func-
tions (Yu & Tremaine 2002; Marconi et al. 2004; Merloni & Heinz 2008). This
approach represents a major success of the standard paradigm of accreting
black holes as AGN power-sources, as the radiative efficiencies requested in
order to explain the local relic population are within the range ¢ = 0.06—0.20,
predicted by standard relativistic accretion disc theory.

These evidences suggest that a tight link should exist between SMBH growth
and host galaxy evolution. Many processes have been proposed which could
forge this direct connection, including galaxy major mergers, star forma-
tion winds and AGN-driven outflows. From a physical point of view, these

feedback mechanisms by which AGN can regulate the growth of their host

galaxies can be distinguished into two main modes.
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The first mode is associated with the phases of fast SMBH growth in bright
AGN. Star formation and SMBH growth are fueled by the same cool gas lo-
cated in the inner regions of the galaxy. The fast, explosive energy injection
from the central source can heat and disperse this gas, thus quickly terminat-
ing both star formation and SMBH growth. In this scenario (quasar mode
feedback; see e.g. Menci et al. 2008), the triggering of such bright phases is
thought to be related to galaxy mergers, in which cold gas is injected. The
quasar mode efficiency must be proportional to the AGN fraction (i.e. the
AGN luminosity function versus the galaxy luminosity function) and to how

efficiently the AGN energy is released into the interstellar medium.

The second mode is related to the numerous, long-lived, low-luminosity AGN,
that accrete hot gas coming from the halo’s hot atmosphere continuously dur-
ing cosmic time. This accretion happens at very low rates (~ 107> Mg yr™!)
in an inefficient regime, where the cooling of the central source is dominated
by advective processes rather than radiation. The contribution of this ac-
cretion rate is too small to contribute significantly to the bolometric output
of the AGN. However, these sources can still drive powerful, collimated out-
flows in the form of relativistic jets, which can perturb mechanically the sur-
rounding gas (radio mode feedback; Croton et al. 2006; Bower et al. 2006).
This feedback action has been observed in several systems; by combining
radio (synchrotron jet emission) and Chandra X-ray (hot, bremsstrahlung-
emitting intracluster medium) images, it has been observed that these jets
are capable of excavate cavities in the intracluster gas on sub-galactic scales
(e.g. McNamara et al. 2000). The radio mode efficiency depends on the total

accreted mass (and then to the SMBH mass function).

Both these feedback modes are then capable to release energy directly in the
environment from which the SMBH grows: the cooling, star-forming gas in
the central region of the galaxy. This energy transfer not only reduces the rate

at which the gas cools and form stars, but it also reduce the rate of accretion
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onto the SMBH. Feedback from AGN has been included in recent semi-
analytical models of galaxy evolution to switch off star formation in most
massive galaxies, thus reproducing both the observed shape of the galaxy LF
and the red, early type, passive evolving nature of the local massive galaxies.
Quasar mode feedback is usually invoked to quench star formation at higher
redshift, while radio mode feedback is assumed to suppress the cooling flows
in massive galaxies at late times, thus maintaining the gas in a hot, tenuous

state.






Chapter 3

Data set

3.1 Introduction

A full comprehension of the BH-galaxy co-evolutionary process requires the
simultaneous measure, in large samples of sources, of four key parameters

that characterize the AGN phenomena. These four parameters are:

e the SMBH mass, Mpy;

e the host galaxy mass, M,,
and the two time derivatives of the former quantities:

e the BH accretion rate, MBH;

e the star formation rate, SFR = M, .

All these quantities can be inferred from observations in different bands: Mgy
can be derived from measures of the optical luminosity and broad emission
line widths, Mgy is directly related to the X-ray luminosity (by the means
of a bolometric correction factor), M, can be obtained from optical /infrared
SED fitting and the SFR from the measure of the UV or far infrared lumi-

nosity of the host galaxy, and from narrow emission lines in optical spectra.
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Other useful information comes from high resolution imaging (host galaxy
morphology) and lensing studies (dark matter halo mass), and from radio
emission, which traces the relativistic particle output of the BH and plays a

key role in the measure of the kinetic output of AGN.

To measure all the above quantities, complete samples, with spectroscopic
and multiwavelength photometric data, are necessary. As discussed in Sec-
tion 2.6, the selection of AGN samples at X-ray wavelengths does not suffer
from contamination from not active sources, like in the optical and infrared
bands. Moreover, current X-ray surveys are capable to select efficiently low
luminosity AGN and moderately obscured sources. Therefore, X-ray selected
samples, coupled with multiwavelength data, are commonly used to study the
bolometric output of BH in the majority of AGN. In evolutionary studies,
both large and deep surveys are usually employed, in order to obtain an

optimal coverage of the redshift-luminosity space.

Only a handful of Compton-thick sources are included in X-ray selected sam-
ples. However, thanks to the dust reprocessing of the UV /optical emission,
it is possible to recover these sources in mid infrared samples. At these wave-
lengths, the contamination from passive but bright galaxies (like star forming
galaxies) is much stronger; selection criteria based on the emission in other
bands are then employed to distinguish between normal and obscured active

galaxies.

In this Chapter we present the data sets that have been generated to per-
form the measures described in this work. In Section 3.2 the mid-infrared
sample that has been built to measure the density of Compton-thick AGN
is presented, along with the match and identification issues and the SED
fitting. In Section 3.4 we show the X-ray sample, with full 1.4 GHz radio
coverage, that has been generated in order to perform the measures discussed

in Chapter 4 and Appendix A.
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3.2 The 24 um selected data set

3.2.1 The COSMOS survey

COSMOS (Scoville et al. 2007) is a deep and wide extragalactic survey de-
signed to probe the correlated evolution of galaxies, star formation, AGN and
dark matter with large scale structure over a large redshift range (z < 6).
The survey covered an area of about 2 deg® (Figure 3.1) near the equato-
rial plane, centered in (a,d) = (10"00™28.6°,02°12'21"), in a field devoid of
bright X-ray, UV or radio sources, and where the galactic extinction is low
(Ep_v ~ 0.02) and uniform with respect to other equatorial fields. Extensive
multiwavelength ground or space-based observations have been performed,
spanning the entire electromagnetic spectrum. More than 2 x 10° galaxies
have been detected by COSMOS with a high completeness over a magnitude
limit 145 < 26.0.

All these properties make the COSMOS data-set the best possible choice for
evolutionary studies. Details on the catalogs used in this work will be given

in the following section.

Mid-infrared data

The COSMOS field was observed by Spitzer onboard instruments at near-
infrared wavelenghts (with the InfraRed Array Camera, IRAC) and at mid-
infrared wavelenghts (with the Multiple Imaging Photometer for Spitzer,
MIPS).

The 24 pm observations my MIPS have been carried out during two different
observational programs. The first one (GO2) was carried out in 2006 January
over an area of ~ 4 deg® centered on COSMOS, with a median integration
time of 80 s per pixel; the second deeper observations (GO3) were performed

in 2007 over an area of ~ 3 deg® using the MIPS slow scan mode (see Sanders
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Figure 3.1: Left panel: map of the COSMOS field showing the coverage at various wave-
lengths: TRAC 3.6 um (background image); Chandra (blue), HST (black solid), Subaru,
CFHT & zCOSMOS bright (red solid), zCOSMOS deep (red dashed), XMM & VLA
(black dashed). MIPS observations cover an area two times larger. Right panel: large
scale structure seen in galaxy distribution in the COSMOS field; the C-COSMOS field

outline is shown as the white square (from Elvis et al. 2009).

et al. 2007 for details). Across the 2 deg? COSMOS area, the combination
of the GO2 and GO3 observations give a median integration time of ~ 3360
s per pixel. The final COSMOS MIPS GO24+GO3 24 um catalog has been
presented by Le Floc’h et al. (2009). It contains a total of 39413 sources
down to a flux limit of 60 uJy with a completeness of about 75%.

X-ray data

Both ESA XMM-Newton and NASA Chandra X-ray satellites had devoted
several observational time to complete X-ray surveys of the COSMOS field.
In this work, data from the Chandra-COSMOS survey (C-COSMOS, Elvis
et al. 2009) have been used.

The C-COSMOS survey cover the central 0.9 deg® of the COSMOS. A total
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of 36 ACIS-I 50 ks pointings took place in two main blocks, 2006 December
to 2007 January and 2007 April to June, for a total observing time of 1.8 Ms.
These pointings have been carried out following a heavily overlapped grid;
this strategy has allowed to cover a large area to a well-defined exposure and
uniform flux limit. An almost uniform exposure time of ~ 185 ks has been
achieved for the 0.9 deg® area.

The authors have also released a point source catalog from the C-COSMOS
survey. It contains 1761 X-ray sources detected in at least one band, down
to a flux limit of 2 x 107'% erg s7! cm™2 in the soft (0.5 — 2 keV) band and
of 7.3 x 1071 erg s7! em™2 in the hard (2 — 10 keV) band.

Creation of the main 24 ym selected COSMOS sample

The sample has been generated starting from the previously described 24
pm MIPS GO2+GO3 catalog from Le Floc’h et al. (2009). We have first
looked for the optical /NIR counterparts of the 24 pm sources in the K-band;
this resulted to be a good trade-off between a) the PSF quality and b) the
proximity to the 24 ym band. Therefore, in order to properly identify the
correct K —band counterparts, the 24 pym sources have been cross-correlated
with the K'—band catalog from McCracken et al. (2010), using the likelihood
ratio (LR) technique as described by Sutherland & Saunders (1992, see also
Ciliegi et al. 2003; Brusa et al. 2007).

The likelihood ratio is defined as the ratio between the probability that a
source is the true counterpart and the corresponding probability that is,

instead, a background object (Sutherland & Saunders 1992):
(

a(m)f(r) (3.1)
)

where, in our case, g(m) is the expected probability distribution of the coun-

terparts as a function of the apparent K-band magnitude m, f(r) is the
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probability distribution of the positional errors among the two catalogs, as-
sumed to be a two-dimensional Gaussian, and n(m) is the surface density of

background sources with K —band magnitude m.

To estimate g(m) we have subtracted the expected number of K'—band back-
ground objects n(m) from the observed total number of objects nearby the
positions of the 24 pm sources; we have used a value of r = 0.6” (10), that

maximize the fraction of identifications, minimizing the number of spurious
IDs.

In the case of multiple possible counterparts, additional information is re-
quired to discriminate between each individual counterpart. To this purpose
the reliability for object j being the true counterpart is used (Ciliegi et al.
2003):

(LR),

where the sum is over all the N possible counterparts and () represents the

probability that the counterpart is brighter than the magnitude limit of the
K-band counterparts catalog.

We have tested several LR thresholds in order to minimize the fraction of
both not identified sources and of spurious identifications. The best possible
choice turned out to be LR = 0.1, for which we found 1.8% of spurious
identifications and a fraction of 7.4% of not identified sources.

We can define two new quantities depending on LR: the reliability ratio R
between the sum over all the reliabilities for all possible counterparts over

LR and the total number of sources above the same threshold:

>, Rel;(LR)

R(LR) = N(>LR)

(3.3)

and the completeness ratio C' between sum over all the reliabilities for all

possible counterpart above LR and the total number of sources for which
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Figure 3.2: Reliability (red) and completeness (magenta) for several values of the likelihood

ratio LR (see text). The black solid curve represents the mean value between R and C.

the likelihood ratio technique has been applied:
> ; Rel;(LR)
N

A good choice of the LR threshold should maximize the mean value between
R and C. For LR = 0.1, we found R = 0.857 and C' = 0.907, with a mean
value of 0.882. Smaller values have been found for different LR threshold,
e.g. R = 0.872, C = 0.881 (mean value 0.877) for LR = 0.24, and R =
0.846, C' = 0.917 (mean value 0.881) for LR = 0.06. Therefore, assuming a
threshold of LR = 0.1 also gives a maximum in the mean value between R
and C (Figure 3.2).

With this assumption, a single K —band counterpart has been found for the

C(LR) = . (3.4)
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majority (86.4%) of the 24 um sample. The remaining sources have either
two (12.7%), or three or more (0.9%) possible counterparts. We have de-
cided to reject all the sources with three or more identifications. For the
sources with a double identification, we computed the ratio Rq between the
two LR values and decided to accept an identification if Ry was greater than
a certain threshold Rg,. In order to chose the best Rg, value a Monte
Carlo simulation has been performed. We measured the number of spuri-
ous identifications as a function of Ry, assuming the observed distribution
of magnitudes and distances between the K —band counterparts and the 24
pm sources (affected by a random distribution of positional errors). Even-
tually we fixed the threshold to the value R4, = 10, corresponding to a
95% probability that the chosen counterpart is the true one. All the double
identifications with R4 > 10 (or R4 < 0.1) were selected and flagged as good
identifications; similarly, all the counterparts in the range Ry = 0.1 — 10 were

flagged as bad double identifications.

Results

We have limited our analysis in the 0.9 deg® area covered by Chandra obser-
vations (see Figure 3.1) and conservatively selected the 24 pm sources having
fluxes brighter than 80 pJy. When adopting these limits, we found a reliable
K —band counterpart for a fraction of 86.6% of the selected 24 pm sources;
for the remaining 13.4% of the sources, a K —band counterpart is not avail-
able, because, as discussed in the previous section, (a) we did not found a
counterpart within the error box, (b) we found a counterpart, but it did not
pass the cut in LR, (c¢) we found three or more possible counterparts.

In total to 14977 24 pm sources with Foy ,m > 80 pJy it was assigned a
K —band counterpart. 14954 of these K —band identified sources have been
cross-correlated with the multi-photometric catalog (CFHT w*, Subaru By,
Vi, g, rt, it, z*, UKIRT J, CFHT K, 3.6, 4.5, 5.8 and 8.0 um IRAC
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bands) from Ilbert et al. (2009). According to Ilbert et al. (2009) all these
sources have a photometric redshift determination. We have looked in the
latest COSMOS spectroscopic redshift catalog (Salvato et al. in prepara-
tion) if spectroscopic redshifts were available for this sample. We adopted
the spectroscopic redshifts for both those sources with a reliable (> 99%)
determination (3606), and for those sources (304) having a less secure spec-
troscopic redshift but a similar photometric redshift (within 15%). The 23
sources not included in the multi-photometric catalog by Ilbert et al. (2009)

were excluded from our analysis.

3.2.2 The GOODS survey

Overview

The Great Observatories Origins Deep Survey (GOODS; Dickinson 2001;
Giavalisco et al. 2004) is a survey project based on the observations of two
separated fields of 10 x 15 arcmin each, centered of the Hubble Deep Field
North (HDFN) and the Chandra Deep Field South (CDFS), respectively.
The available data set includes images taken from several satellite observa-
tiories: optical band images from the HST, mid infrared from Spitzer, UV
from GALEX, and X-ray from Chandra and XMM-Newton. Observations
from ground based facilities have been also carried on (see Giavalisco et al.
2004, for details), as well as spectroscopic follow-ups (Cimatti et al. 2002;
Cowie et al. 2004; Vanzella et al. 2005).

The GOODS southern (GOODS-S) pointing has been the target of extensive
observation with ESO telescopes, carried on in the spirit of public surveys.
Near infrared observations with the VLT-ISAAC infrared imager have been
performed, leading to a final area covered by Ks images of ~ 140 arcmin®

to a lo limiting depth of typically 26 — 27 maug/alrcsec2 in the AB scale.

Therefore, the GOODS-S survey is characterized by a unique combination of
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Figure 3.3: Layout of the GOODS-MUSIC field (from Grazian et al. 2006).

depth and size in the near infrared band.

The GOODS-MUSIC catalog

GOODS-MUSIC (Grazian et al. 2006; Santini et al. 2009) is a project that
aims to create a multiwavelength catalog with spectroscopic and photometric
information for galaxies included in a large area in the GOODS-S field where
deep near infrared observations performed with ESO-VLT are available.

This catalog has entirely been realized using public data, and spans the
wavelength range between 0.3 and 24 pum, for a total of 15 photometric
bands. The field covered by the survey has an area of ~ 143.2 arcmin?.

The galaxies have been selected in three different bands (z, K, and IRAC
4.5 pm), with a completeness level of 90% for z < 26, Ks < 23.8 and

Mas5 um < 23.5 in the AB-magnitude scale. A cross-correlation with spectro-
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scopic catalogs available to date was performed, allowing to assign a spec-
troscopic redshift to over 3000 sources in the catalog.

The final catalog contains 15208 sources, including 209 known stars ad 61
AGN. The authors also applied a photometric redshift code to the data set,
and showed that the comparison with spectroscopic redshifts available is
quite good, with an average scatter of 0.05.

The mid-infrared 24 pm fluxes were derived from MIPS images. The source
extraction has been performed using the z-band position as a prior to detect
the 24 pum position for each source, taking advantage of the much higher reso-
lution of the ACS-HST camera with respect to the MIPS image (PSF~ 0.12”
for ACS vs ~ 5.2” for MIPS). A total of 3313 sources were detected in the
24 pm band, while for the other 11841 the catalog contains only a 1o upper
limit.

The whole area surveyed by GOODS-MUSIC catalog is contained in the
Chandra Deep Field South (CDFS) field. The CDFS is the deep Chandra
X-ray survey performed to date, and covers an area of ~ 464.5 arcmin®. The
observations consist of 54 ACIS-I pointings, that have been taken between
1999 October and 2007 November (for the first 23; Alexander et al. 2003;
Luo et al. 2008) and, more recently, between 2010 March and 2010 July (for
the last 31 pointings), for a total exposure time of 4 Ms (Xue et al. 2011).

The CDFS 4 Ms X-ray catalog contains 740 sources detected in at least one
band. This catalog reaches extremely faint X-ray flux limit in both soft (0.5—
2keV,9.1x107 8 erg s™' em™2) and hard (2—8 keV, 5.5x 1077 erg s cm™?)
bands.

In the sample used for this work, the 1852 sources with a 24 ym flux brighter
than 20 pJy have been included. This selection allows to avoid the contami-
nation from spurious detection that may be included in the GOODS-MUSIC
catalog down to very faint fluxes (a detailed discussion of this topic can be
found in Magnelli et al. 2011). 1546 sources out of 1852 have a K-band
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counterpart; for 1509 out of these 1546 sources, a redshift measurement is
also available, either spectroscopic (734) or photometric (775). The remain-
ing 37 K-band detected sources do not have a secure redshift determination.
For 306 of the 24 pum selected sample a K-band counterpart was not found.
A redshift is available for 114 sources (82 secure spectroscopic redshifts and
32 photometric redshifts), while the remaining 192 sources do not have any

redshift estimation.

3.2.3 SED fitting

Highly obscured AGN are usually characterized by a strong mid infrared lu-
minosity, due to the dust reprocessing of the UV emission, but, relatively
faint UV, optical and near infrared emission (see Fiore et al. 2009, and refer-
ences therein). The nuclear contribution to the whole galaxy spectral energy
distribution (SED) has a minimum at 1 gm and grows towards higher wave-
lengths; the peak of the AGN contribution is seen at lower wavelengths with
respect to the galaxy (stellar) contribution. We therefore chose the rest-
frame 5.8 pm band in order to maximize the AGN contribution to the whole
SED.

Starting from a sample of 24 um selected galaxies, we define the 5.8 pum

luminosity as
Lss = vssLly,, = vssdmd; (2) For Koy 58(2) (3.5)

where Koy 55(2) is the K-correction matrix between 24 and 5.8 pm.

In order to obtain accurate 5.8 ym luminosities for the whole infrared-selected
sample, we fitted the observed photometric measurements using a library of
46 empirical template SED (see Salvato et al. 2009; Fiore et al. 2009, and
references therein).

The SED fitting has been carried out by fixing the redshift to the already

available spectroscopic or photometric estimates and using the IRAC (3.6,
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4.5, 5.8 and 8.0 um) and 24 pum bands, increasing the uncertainties on the
first three IRAC bands up to 0.5 mag, in order to weight more the 8.0 and
24 pm bands during the fit. This approach provides good results at redshifts
larger than 0.35 (since at z > 0.35 the rest-frame 5.8 gm luminosity is emitted

at wavelengths larger than 8 pm).

The SED fitting procedure described in this section has been performed using
the fitting code LePHARE from S. Arnouts and O. Ilbert (Arnouts et al.
1999; Ilbert et al. 2006). LePHARE (Photometric Analysis for Redshift
Estimate) is a set of FORTRAN programs to compute photometric redshift
using SED fitting techniques. The package is composed of three parts:

e a preliminary phase used to select the SED models library and the set
of filters used, and to compute a matrix of template magnitudes; all

these operations are carried out separately using stand-alone programs;

e the main phase, which computes the photometric redshifts using a sim-

ple x? routine;

e the last module, that allows to generate realistic multicolor catalogs

taking into account observational effects.

The SED library has been built with a total of 46 empirical templates (Figure
3.4). Our library is based of the SED templates presented in Salvato et al.
(2009), which contains templates from SWIRE, including elliptical and spiral
galaxies, starbursts, ULIRG, low-luminosity AGN and QSO (from Polletta
et al. 2007), and a set of hybrid templates constructed by combining an AGN
SED (TQSO1 and QSO2 templates) and a host galaxy SED (starburst and SO
template) and varying the ratio between both component (from 90:10, 80:20,

, to 10:90). This library has been integrated with other empirical and

synthetic templates from Fiore et al. (2008), and 4 new starburst templates
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Figure 3.4: Library of the 46 empirical template SED used in the fitting routine.



3.3. The mid infrared LF 51

(models 43-46 in Figure 3.4; Sacchi 2008), with a higher flux at wavelengths
A > 10pm.

Once the SED library and the set of filters have been defined and the matrix
of template magnitudes has been generated, the main fitting routine can be
invoked. Since in this computation only the 5.8 pm luminosities have to be
found, input values for the redshift of each galaxy have been given to the
code as a prior and have been fixed to the observed values. The output
produced by the fitting code includes the 5.8 pm luminosity and the best-fit

SED template for each source.

3.3 The mid infrared LF

The accuracy of the 5.8 pm luminosity estimations is a critical issue of this
part of the work. Before proceeding in the analysis, we have carried out
several tests to probe the accuracy of these estimations.

The main of these checks has been the capability of our COSMOS data-set
to reproduce the infrared luminosity function of galaxies. The result of this
computation is worth a brief discussion; it should be noted, however, that
the estimation of the infrared LF of galaxies is a topic that goes beyond the
aims of this thesis.

In order to compute the number density of galaxies we have divided our
data-set in several Lsg — 2z bins. In each of these bins, we have made use of
the classical 1/V},4, method (Schmidt 1968).

Let us suppose that in a Lsg — z bin there are N sources within Lsg + AL

and z & Az. For each of these sources, we define the comoving volume V¢, ;:
Veos = AV (2 + Az) = Vi (2 — Az)], (3.6)

where V. is the comoving volume per unit solid angle (see Appendix C.11).

When the survey flux limit cuts across the bin, the limits on redshift (Az)
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must be adjusted to reflect the range within which that particular object
could have been found, given its luminosity. The resulting volume is called
the accessible volume. The volume density of the sources is then given by

the following expression:

N
1

=1

When the survey limit does not cut across the bin, 2AL is the full luminosity
width of the box; when it does, it is the range of luminosities within which
the i-th object could have been found.

Using this technique, we have computed the volume density of 24 um selected
sources in our sample. The results of this computation are shown in Figure
3.5. We compared our results with the estimations from Rodighiero et al.
(2010). These authors made use of a combination of 24 um selected data from
Spitzer observations in the VIMOS VLT Deep Survey (VVDS-SWIRE) and
GOODS areas, and presented a set of mid infrared and bolometric luminosity
functions up to redshift z = 2.5, in the 8, 12, 15 and 24 pym bands. Although
5.8 pm band was not available, the 8 pym luminosity function, due to its
proximity, resulted to be a good approximation for a comparison with our

estimates.

The blue points in Figure 3.5 represent the 8.0 ym luminosity function data
points from Rodighiero et al. (2010). It should be noted that these points are
not measured in luminosity bins coincident with ours, although very similar;
for this reason, we reported in Figure 3.5 the mean luminosity for each of the
Lg o bins from Rodighiero et al. (2010). This comparison shows that our data
fairly well reproduces the trends in the luminosity function and confirms the

good accuracy of the SED fitting procedure that has been built.
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Figure 3.5: Number density at 5.8 um of 24 um selected galaxies in the COSMOS sample
(black points). Blue points represent the estimations from Rodighiero et al. (2010) in the
8 pm band.

3.4 X-ray/radio matched data-set

As our objective, described in Chapter 4, is to use the distribution of the ratio
between the AGN radio and 2 — 10 keV luminosities in order to estimate the
kinetic (radio) luminosity of the X-ray selected AGN, we had to measure a
radio emission which was as much as possible causally linked (contemporary)
with the observed X-ray activity (accretion). We then decided to measure
the radio fluxes in a region as closest as possible to the AGN, therefore
minimizing the contribution of objects like the radio lobes in FRII sources

(Fanaroff & Riley 1974). For this reason we built up a large data-set of X-
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ray selected AGN (where redshift and Ny column densities estimates were
available) observed at 1.4 GHz with a ~ 1” typical spatial resolution (in

our cosmology 1” corresponds, at maximum, to about 8 Kpc at z ~ 2; see
Appendix C).

3.4.1 The bright sample

In order to build up a large unbiased bright AGN (low redshift) sample,
we joined the AGN samples recently generated from the SWIFT and IN-
TEGRAL missions with the sample published by Grossan (1992) using the
HEAO-1 data. In the case of sources in common, priority was given first to
the SWIFT data and then to the INTEGRAL ones and lastly to the sample
of Grossan (1992).

The radio information was obtained via cross-correlation with the 1.4 GHz
radio data taken from the FIRST VLA survey (Becker, White & Helfand
1995). The FIRST images have 1.8” large pixels, a typical rms sensitivity
of 0.15 mJy and a resolution of 5”. In the case of no radio detection a 50
upper limit of 0.75 mJy was adopted. The large area NVSS (Condon et al.
1998) and SUMSS/ATCA (Mauch et al. 2003) radio surveys have positional
uncertainties significantly larger than FIRST and therefore were not used in

our analysis.

SWIFT

The SWIFT sample we used is composed by 121 sources with high galactic
latitude (]o|] > 15°) and detected with 14 — 195 keV fluxes brighter than
107" erg s7' cm™? (Tueller et al. 2008). All but one of the 121 sources have
a redshift and an optical spectroscopic classification available (Tueller et al.
2008). 44 out of the 121 sources have been observed by FIRST. We limited

our analysis to the 40 sources with 2 — 10 keV unabsorbed X-ray luminosity
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higher than 10%? erg s=!: there are 18 broad optical emission line type 1
and 1.5 AGN (AGN1/1.5), 13 narrow emission line type 2 AGN (AGN2),
2 galaxies and 7 BL Lac in this sub-sample. In this and in all the other
samples, all the BLL Lac were excluded from our analysis as their radio fluxes
are strongly amplified by the boosting of the relativistic radio jets. Therefore
the AGN sample we used is composed by 33 sources in total (28 detected
by FIRST). Ny column densities measures were provided by Tueller et al.
(2008).

INTEGRAL

We tried to complement the SWIFT data with the catalog of 46 sources de-
tected by INTEGRAL at a 50 significancy level by Beckmann et al. (2006).
However, after removing two sources without Ny measurements (from Sazonov
et al. 2007), and 21 sources already included in the SWIFT sample, we ended
with 18 sources which were not covered by the FIRST radio observations.
Therefore, no source from the INTEGRAL catalog from Beckmann et al.

(2006) was included in our analysis.

Grossan

The bright sample was eventually complemented with the sample of the
HEAO—1 sources described by Grossan (1992) as revised by Brusadin (2003).
Brusadin (2003) investigated, from the total sample of Grossan (1992), those
74 sources with 2 — 10 keV fluxes brighter than 2 x 107 erg s™' cm™2 .
For 52 of these 74 sources the original optical counterparts were observed in
the hard X-rays by at least one among the ASCA, Beppo-SAX and XMM-
Newton satellites. All the counterparts resulted to be real hard X-ray sources
and a new estimate of the Ny column densities were derived. We used in

this work a sub-sample of 66 objects, from the sample of Brusadin (2003),
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for which reliable measure of the Ny column densities were available.
Forty-one out of these 66 sources are not included in the SWIFT sample, and
ten (10 AGN1/1.5) of them were observed by FIRST and have 2 — 10 keV

X-ray unabsorbed luminosities higher than 10*? erg s=*.

Nine out of these
last ten sources were also detected in the radio band by FIRST.

In summary, the bright sample contains 43 X-ray sources (28 AGNI1, 13
AGN2, 2 galaxies; once the BL Lac were excluded) observed in the 1.4 GHz

radio band by FIRST, with 37 detections.

3.4.2 The ASCA surveys: AMSS and ALSS

Two samples from the ASCA satellites were included in this work. The first
one comes from the ASCA Large Sky Survey (ALSS), a contiguous 7 deg”
strip in the North Galactic Pole region (Ueda et al. 1999). We selected a
sample with a limiting 2—10 keV flux of 1x 107 erg s7! ecm ™2 from Akiyama
et al. (2000). This sample contains 30 AGN (25 AGN1, 5 AGN2), as well
as two clusters, one star and one object without spectroscopic identification,
which were excluded from our analysis. All the 30 AGN were observed by
FIRST, while nine were detected.

3.4.3 HBSS

We used the 67 sources of the XMM-Newton Hard Bright Sensitivity Sur-
vey (HBSS; Della Ceca et al. 2004) with 4.5 — 7.5 keV fluxes brighter than
7 x 107 erg s7* em™2 (which corresponds to a 2 — 10 keV limit of 3.5 x

“ is assumed).

107 erg s7! em~? if a spectral index o = 0.7, where F, oc v~
A subsample of 62 sources were used in our analysis after the exclusion
of 2 stars, one cluster and 2 sources without a spectroscopic identification.
Thirty-two sources were observed by FIRST (23 AGN1, 9 AGN2), while 6

were detected.
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3.44 XMM-COSMOS

Data products from the COSMOS survey were also included in this part of
our work. We used the XMM-Newton X-ray catalog by Cappelluti et al.
(2009) with a limiting 2-10 keV flux of ~ 3 x 107" erg s7! cm™? and cross-
correlated it with the spectroscopic identifications by Trump et al. (2009)
and Brusa et al. (2010), and the photometric redshift estimates from Ilbert
et al. (2009) and Salvato et al. (2009). The Ny measures were derived by
our analysis of the hardness ratios.

The radio data were obtained from Schinnerer et al. (2007). In order to allow
a uniform radio coverage (with 1.4 GHz rms of 15 pJy) the central 1 deg?
squared area with limits 9"58™40° < a < 10"2™40° and 1°42' < § < 2°42
was used. In this area the X-ray catalog contains 712 sources: 677 are
extragalactic with a redshift measure available and 2 — 10 keV luminosity
higher than 10*? erg s7!; 389 have a spectroscopic redshift (186 AGN1, 52
AGN2, 71 emission line galaxies, ELG, 32 normal passive galaxies, GAL, 48
no class), while 288 have only a photometric redshift estimate available. We
used all the radio detections with 1.4 GHz flux limits brighter than 75 uJy
(50) and used the same threshold as an upper limit for all the remaining
sources even though lower flux detections were available in some cases. In
total 141 out of the 677 sources, contained in our selected region of the
COSMOS field, were detected in the 1.4 GHz radio band.

3.4.5 ELAIS-S1

In the European Large Area ISO Survey field S1 (ELAIS-S1) we used the
catalogue of the XMM-Newton sources published by Puccetti et al. (2006),
which reaches a 2 — 10 keV flux limit of 2 x 107! erg s7* cm™2. The spec-

troscopic identifications and classifications provided by Feruglio et al. (2008)
and Sacchi et al. (2009) were used, while the 1.4 GHz radio data (with a
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5o limit of 150 pJy) were taken from Middelberg et al. (2008). The whole
sample contains 421 extragalactic sources with a redshift measure available
and 2 — 10 keV luminosity higher than 10*? erg s~*: 240 have been identified
and classified spectroscopically (116 AGN1, 34 AGN2, 68 ELG, 22 GAL),
while 181 have a photometric redshift available. Forty-five out of these 421
AGN were detected at 1.4 GHz above the 150 pJy limit.

3.4.6 CLANS

In the Chandra Lockman Area North Survey (CLANS) field the X-ray data
were taken from Trouille et al. (2008), which also publish the spectroscopic
and photometric redshift measures. Our sample consists of the sources with
SNR>3 detections in the hard 2 — 8 keV band and included in the circular
area centered in (, d) = (10"46™, 59°01") with a radius of 0.32 deg. This area
contains 139 extragalactic sources with a redshift measure available and 2—10
keV luminosity higher than 10%? erg s™': 113 sources were spectroscopically
identified (58 AGN1, 34 AGN2, 16 ELG, 5 galaxies), while 29 sources have
a photometric redshift available. The Ny measures were derived from the
analysis of the hardness ratio.

Radio data were obtained from Owen & Morrison (2008). We conservatively
modeled the spatial dependence of the (50) radio flux limits, which vary from
18.5 pJy in the central region up to 59.2 puJy near the edges. Sixty-nine out

of the 139 sources were radio-detected.

3.4.7 CDFS

In the Chandra Deep Field South the subsample of the GOODS-S X-ray
sources from the catalog of Alexander et al. (2003) was used. The whole
sample consists of the 94 point like extragalactic sources over a 2 — 10 keV

flux limit (at the aim point) of 2.6 x 107'% erg s7! cm™2 with a redshift
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measure available and a 2 — 10 keV luminosity higher than 10%? erg s~

Spectroscopic identifications for 69 sources, as well as 25 photometric red-
shifts, were obtained from Brusa et al. (2009b). Twenty-nine sources were
identified as AGN (17 AGN1, 12 AGN2), 39 as ELG and one as a galaxy.

The radio data were taken from Miller et al. (2008) and have a 1.4 GHz 5o

flux limit of 70 puJy. Twelve sources were radio-detected.

3.4.8 CDFN

In the Chandra Deep Field North we used the 296 2 — 8 keV X-ray sources
detected within the GOODS-N area with a 2 — 10 keV flux limit (at the
aim point) of 1.4 x 1071% erg s™! cm™2 by Alexander et al. (2003). To con-
vert the 2 — 8 keV fluxes in the 2 — 10 keV band a spectral index a = 0.4
were assumed. The spectroscopic identifications were taken from Trouille et
al. (2008). The sample consists of 162 extragalactic sources with a redshift
measure available and 2 — 10 keV luminosity higher than 10*? erg s!: 104
sources were spectroscopically identified (16 AGN1, 20 AGN2, 46 ELG, 22
galaxies), while 50 sources have a photometric redshift; eight other spectro-
scopical redshift were retrieved from literature. Ny absorption values were
obtained from the analysis of the hardness ratio.

The radio information were obtained from the new data reduction from Biggs
& Ivison (2006) of the 1.4 GHz VLA observation of Richards (2000). Forty-
five out of the 162 extragalactic sources were identified in the 1.4 GHz band
over a (5o) flux limit of 45 pJy.

3.4.9 The final sample

The cross correlation of the X-ray and radio catalogs was carried out inside
a region with 5" of radius (almost less than or equal to the size of the central

part of a galaxy like ours), following a maximum likelihood algorithm as
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Figure 3.6: Distribution of the off-sets between the cross-correlated radio and X-ray sources

described by Sutherland & Saunders (1992) (see also Ciliegi et al. 2003, and
Section 3.2.1).

In Figure 3.6 we show the off-sets between the X-ray and radio positions
of the whole sample. These resulted to have a root mean square (rms) of
1.4”. Therefore we expect to have (properly) preferentially included compact
FRI radio sources in our cross-correlation and have excluded most of the
contribution of the (especially bright) extended FRII radio lobes from our
analysis (see Section 4.2.4 for a discussion on the contribution of the excluded

FRII sources to the radio counts).

The total AGN sample was built up from a compilation of complete (i.e. with

almost all redshift and Ny measures available) hard (mostly 2 — 10 keV) X-
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ray selected samples, with unabsorbed 2 — 10 keV luminosities higher than
10%% erg/s.

3.5 Summary

3.5.1 The mid-infrared sample

The whole 24 pum sample that has been built as described in Section 3.2
consist in 16 409 mid infrared selected galaxies: 14 903 sources from COSMOS
with Fyy > 80 pJy and 1506 sources from GOODS with Fby > 20 pJy. The
distribution of the sources on the 5.8 pm luminosity-redshift plane is shown
in Figure 3.7.

For both subsamples, a cross-correlation with the X-ray catalogs using a
matching radius of 1.5” has been carried out; 926 sources from COSMOS
resulted to have an X-ray counterpart, as well as 265 GOODS sources. Thus,
1191 24 pm sources out of 16409 have an X-ray counterpart.

For both X-ray detected and undetected sources in the sample, the number
of background-subtracted counts within 5 arcsec from the position of the

infrared sources and the exposure times are known.

3.5.2 The radio/X-ray matched sample

In summary, the radio observed hard X-ray selected extragalactic sample
discussed in Section 3.4 contains 1641 sources with both redshifts (either
spectroscopic or photometric) and Ny column densities measured, and with
unabsorbed 2 — 10 keV luminosities higher than 10*? erg s7*. Other X-ray
samples, such as HELLAS2XMM (Fiore et al. 2003; Cocchia et al. 2007),
the XMM /Lockman Hole (Brunner et al. 2008) and the XMM Medium Sur-
vey (Barcons et al. 2007), were not included in our work because unbiased,

homogeneous and dedicated radio 1.4 GHz observations were not available.
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In our final sample, 1003 sources have Ny higher than 10*? cm™2 (hereafter
defined “X-ray absorbed”). 375 (23%) sources were detected in the 1.4 GHz
radio band. See Table 3.1 for a summary of the main properties of all samples
used. In Figure 3.8 we show the (5o) radio 1.4 GHx flux limits of each survey
as a function of their deepest 2 — 10 keV X-ray flux limits.

The distribution of the de-absorbed X-ray luminosity of all sources (dis-
tinguished according to radio detection and X-ray absorption classes) as a

function of redshift is shown in Figure 3.9.

Table 3.1: The X-ray/radio sample.

Sample Ni4® Nx® Nia/Nx Fi4° Fyd Fy4/Fx

Bright 37 43 0.86 750 2x10~11 -6.3
AMSS 11 43 0.26 750 3x10713 -4.5
ALSS 9 30 0.30 750 1x10~13 -4.0
HBSS 6 32 0.19 750  3.5x107'3 -4.5
COSMOS 141 677 0.21 75 3x1071° -3.5
CLANS 69 139 0.50 19 3x1071° -4.1
ELAIS-S1 45 421 0.11 150 2x10715 -3.0
CDF-S 12 94 0.13 70 2.6x10716 -2.4
CDF-N 45 162 0.28 45  1.4x10716 -2.3
Total 375 1641 0.23

“number of AGN detected at 1.4 GHz
bnumber of X-ray AGN observed at 1.4 GHz
°1.4 GHz flux limit in uJy

42 — 10 keV flux limit in erg s~! cm ™2
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Chapter 4

Radio loudness distribution and
kinetic LF

4.1 Introduction

In the last few years, feedback from AGN has been invoked and included in
semi-analytical models (SAMs), in order to quench the star formation in the
most massive galaxies (see Section 2.7). However, it is still not completely
clear how these feedback processes actually happen, i.e. if the feedback is at
work mainly during luminous AGN phases (the quasar mode; see Menci et
al. 2008), or if it proceeds continuously during the cosmic time at a low rate
(the radio mode; Croton et al. 2006). In the latter scenario, the feedback
process is assumed to be related to a low, uninterrupted and constant matter
accretion rate onto the SMBH, coming from a quiescent inflow of gas coming
from the halo’s hot atmosphere (Monaco, Salucci & Danese 2000; Croton et
al. 2006; Bower et al. 2006).

Even though this accretion rate is too small to contribute significantly to the
bolometric output of AGN, it can drive powerful outflows of particles in rela-

tivistic jets, thus releasing significant amount of energy into the environment
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in which the BH grows: the cooling, star-forming gas in the central region
of the galaxy. These jets are also responsible for the large cavities in the
intracluster medium that have been revealed in the X-rays (e.g. McNamara
et al. 2000); it is then possible to derive the kinetic power of a radio source
from the mechanical work (pdV') done by the jets to inflate these cavities
(see Best et al. 2006; Birzan et al. 2008).

The aim of this work was to estimate the AGN kinetic power linking the
AGN radio emission to the accretion rate related to the AGN activity (the
luminous phase). A very useful ingredient is the measure of the probability
distribution function P(Rx) of the ratio Rx between the AGN radio and
intrinsic 2 — 10 keV luminosities:

vL,(1.4 GHz)

Ry = .
X7 Lyx(2—10 keV)

(4.1)

This probability distribution can be convolved with the X-ray LF in order to
obtain a measure of the radio 1.4 GHz LF. If one further assumes a relation
between radio and kinetic luminosities, it is possible to convert this radio LF

into a kinetic LF.

4.2 Distribution of Lp/Ly ratio

Using the radio/X-ray matched data set described in Section 3.4, we searched
for a functional fit of the probability distribution function of Rx, as a function
of the X-ray luminosity, Lx, and the redshift: P(Rx|Lx,z). The method
is based on the comparison, through x? estimators, of the observed and
expected numbers of AGN (in the Lx — z — Rx space) obtained by taking
into account the observational selection effects (i.e. the radio flux limits)
of each sample. Once a probability distribution function P(Rx|Lx,z) is
assumed, the number of expected AGN in a given bin of the Ly — z — Rx

space is the result of the sum, over the number of all AGN contained in the
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Figure 4.1: Probability distribution function of Rx for the full sample under the assump-
tion of a flat distribution (dashed line).

Lx — z bin, of the expected number of AGN contained in that bin of Ry,
by taking into account the radio flux limits on each source. This method
reproduces the observations and consequently properly takes into account
both the radio detections and the upper limits (see La Franca et al. 1994; La
Franca & Cristiani 1997; La Franca et al. 2002, 2005, for similar applications).

4.2.1 The fit

As a first test we assumed a constant (flat) probability distribution function
of Rx in the range —7 < Rx < 0 (see Figure 4.1). This distribution, although
different from the true one, allows to see which is the shape of the average true
distribution via the analysis, in each bin, of the deviations of the observed
numbers of AGN from the expected ones. Figure 4.1 shows that the average

distribution function is asymmetrical with a long tail at large Rx values.
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Table 4.1: Best fit parameters

Model N YR YL Re o, o x%/d.o.f. P(x?)

1 - box 670.17/12 0
2-nodep 1.0620 0.476 1.93 -4.313 46.73/20 6.4 x 10~*
3 -depz 1.0899 0.467 1.69 -4.319 0.028  41.98/19 0.020
4-dep L 1.0652 0429 1.70 -4.386 0.056 30.19/19 0.049

5-depL,z 1.0230 0.369 1.69 -4.578 0.109 -0.066  22.77/18 0.200

+0.040  +0.18  +0.110  +0.019  +0.024
lo errors —0.031 -0.31 —0.086 —0.025 —0.016

After several trials, we found that the probability distribution function dis-
tribution of Ry is, indeed, asymmetrical, showing a maximum at Ry = Ry,
where the median is located. At Ry larger than Ry the distribution is fairly
well represented by a Lorentz function having width ~,, which provides a
shallow decline at large Rx values, while at Rx smaller than Ry the expo-
nent 2 of the Lorentz function is better substituted by an exponent 4 which
gives a wider shoulder at Ry < Ry and then a steep decline at even lower Rx.
The width of the left (Ry < Ry) part of the distribution is controlled by the
v, parameter. Therefore the probability distribution function P(Rx|Lx, 2)

is expressed by the following formula:

( N
Amy {1+(W>4] (Rx < Ro)
P (4.2)
AN
\ TYr {14-(%})«2))2} (RX > Ro),

where, in order to obtain a continuous function at Rx = Ry results A =
/7r/7, and the parameter N is constrained by the probability normalization

requirement:

/P(RXny,Z)dRX =1. (43)
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For 0.3 < z < 3.0 and 42.2 < log Lx < 47.0, we allowed to vary, as a function
of Lx and z, the position of the maximum (median) Ry of the distribution,

according to the following formula:
Ry = Re [arp(log Lx —44) + 1] [a.(z — 0.5) 4+ 1] . (4.4)

At redshifts and luminosities outside these ranges, Ry was kept constant,
equal to the values assumed at the limits of the ranges.

In Table 4.1 the results of the fits carried out using this parameterization are
reported. Confidence regions of each parameter were obtained by computing
x? at a number of values around the best-fit solution, while leaving the other
parameters free to float (see Lampton et al. 1976). The 68% confidence
regions quoted correspond to Ax? = 1.

The solution without dependences on both the luminosity and the redshift
is rejected by the x? test, while the solutions either depending only on lumi-
nosity or redshift provide barely acceptable fits to the data. A fairly good
fit to the data (20% x? probability) is instead provided by the solution #5
where both a dependence on the luminosity and the redshift is allowed. How-
ever, it should be noted that the parameter of the redshift dependence, .,
is different from zero only at 30 confidence level.

The data and the shape of the best fit #5 probability distribution function
are shown in Figure 4.2, while the corresponding dependences of Ry on Lx
and z are shown in Figure 4.4. In Figure 4.3 we show the shape of the best fit
#5 probability distribution function in different bins of X-ray luminosity and
redshift, with evidence (the continuous lines) to the part which is actually

constrained by the data.

4.2.2 Dependence on Ny

We did not find any significant dependence of the P(Rx|Lx, z) distribution

on the Ny column densities. The sample was divided into absorbed (Npy >
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Figure 4.2: Probability distribution function of Rx in seven Lx — z bins. The open circles
represent the data points described in Section 4.2.1, while the dashed lines show (in each
bin) our best-fit solution #5 (see Table 4.1).
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the data, while the dashed line shows where the distribution is extrapolated.

10*2 ¢cm™2) and unabsorbed AGN. For both sub-samples the x? test on the

best fit solution #5 (even with a different sampling in order to always observe
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Figure 4.4: Dependence of the position of the median R of the probability distribution
function on Lx (left) and z (right) as computed in our best-fit solution #5 (red line).

at least 10 objects in each bin) provided probabilities larger than 10% (up to
70%), and was then not able to reject our best fit distribution. This result
is in agreement with the analysis of the X-ray absorption properties of the
faint radio sources of the CDFS by Tozzi et al. (2009).

4.2.3 The Lrp — Lx relation

We compared our measure of the probability distribution function of Ry
with previous measures on the relationship between the AGN radio and X-
ray luminosities. In Figure 4.5 we show the 1.4 GHz luminosity as a function
of the intrinsic 2 — 10 keV luminosity for all the sources of our sample. Our

analysis differs from many previous studies where single general log-log linear
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relations were derived. In these studies, even when the presence of censored
data, or data with errors in both axes (see e.g. La Franca et al. 1995), were
taken into account, it was assumed the presence of a symmetrical (usually
Gaussian) distribution of the deviations from the best fit relation, which
were attributed to an intrinsic scatter. Our method, instead, by taking into

account all the censored data, allows to measure the shape of the distribution
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Figure 4.5: 1.4 GHz luminosity versus 2 — 10 keV luminosity for all AGN in our sample.
Radio detections are indicated by green dots, while radio upper limits are indicated by
black arrows. The expected dependence from fit #5 (red continuous line) for z = 0 and
z = 3 and from fit #4 (red dashed line) are shown and compared with Brinkmann et al.
(2000, orange), Panessa et al. (2007, blue), Ballantyne (2009, magenta) Lx — Ly relations
and with Merloni, Heinz & Di Matteo (2003, green) and Li, Wu & Wang (2008, cyan)

fundamental plane relations.
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of the intrinsic scatter and its possible dependences on other variables (such

as the luminosity and redshift in our case).

In Figure 4.5 we compare our best fit solution #5 with the relations derived
by other authors such as Brinkmann et al. (2000) in the soft 0.5 — 2 keV
band (an X-ray spectral index a=0.7 was assumed to convert the 0.5 — 2
keV luminosities into 2 — 10 keV luminosities), Merloni, Heinz & Di Matteo
(2003), Panessa et al. (2007), Li, Wu & Wang (2008) and Ballantyne (2009,
for the radio quiet AGN) in the 2 — 10 keV band. The relations by Merloni,
Heinz & Di Matteo (2003) and Li, Wu & Wang (2008) were derived from their
measure of the AGN fundamental plane (i.e. including also a dependence on
the BH mass), assuming a fixed BH mass of 10% M.

As our measured distribution function is asymmetrical and depends on the
redshift, the comparison is not straightforward (in Figure 4.5 we plot the
position of the median Ry of the distribution at redshifts 0 and 3). It results
that our best fit solution #5 of the dependence of the 1.4 GHz luminosity
on the 2 — 10 keV luminosity is flatter than obtained in previous works. Our
fitted relation corresponds to a power-law Ly oc LS with indexes o = 0.48
and a = 0.58 at redshifts 0 and 3, respectively. The relations fitted by the
other authors have instead a wide range of power-law indexes (0.6 < a < 1.5),
systematically steeper than our result. This difference is partly caused by our
new method used to measure the Lz — L x relation but it is also caused by our
introduction (and measure) of a dependence on the redshift of the average
Rx values. In fact, as shown in Figure 4.5, our solution #4, obtained without
the inclusion of a redshift dependence, results in a steeper slope, having a
power-law index a = 0.75.

Figure 4.5 also shows that the fundamental plane by Merloni, Heinz & Di
Matteo (2003) has a power-law index (a = 0.60) close to our best fit estimate
(a = 0.48—0.58), and for BH masses of 10® M, is located between our best fit

relations at redshift 0 and 3. In the fundamental plane estimate by Merloni,
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Figure 4.6: Predicted 1.4 GHz LF according to fit #5 for 4 redshift values (red continuous
lines). The red dashed lines show the part of the LF reproduced by the P(Rx) distribution
for Rx > —4. The radio LF as estimated by Smol¢i¢ et al. (2009) is also reported (black
dashed lines).

Heinz & Di Matteo (2003) Rx has also a dependence on the BH mass of the
type Rx o< 0.78log Mpgy. This implies that our estimates at redshift 0 and 3
are roughly similar to the fundamental plane measures for BH masses of 107
and 10 M, respectively. Therefore, as in our (and all flux limited) samples,
high redshift AGN are on average more luminous, and thus probably host
on average more massive BH, we can infer that our measure of the increase
with the redshift of the median of the Rx distribution is qualitatively in
agreement with the AGN fundamental plan measures where an increase of

the average Rx with the BH masses is observed.
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4.2.4 Sanity checks
The 1.4 GHz luminosity function

We verified if the measured probability distribution function of Ry, once con-
volved with the 2 — 10 keV luminosity function, properly reproduces (taking
into account the uncertainties) independent previous measures of the 1.4 GHz
LF, ®g(Li4,2).

We used the 2 — 10 keV luminosity function, ®x(Lx, z), as measured by La
Franca et al. (2005), and modified by allowing a steep exponential decline of
the AGN density at redshifts larger than z = 2.7, as measured by Brusa et
al. (2009a). As discussed in La Franca et al. (2005), the density of Compton-
thick AGN with log Ny = 24 — 26 cm ™2 was assumed to be equal to the
density of the Compton-thin AGN with log Ny < 24 cm™2 (this assumption
resulted to properly reproduce the cosmic X-ray background). The X-ray LF

can be converted into a radio LF by the formula:
Pp(L1a,2) = /P(RX|LX>Z)CI)X(LX7Z)dlogLX- (4.5)

The X-ray LF was integrated starting from an X-ray luminosity log Ly =
41 erg s—h.
with the 1.4 GHz radio LF measured by Smol¢i¢ et al. (2009).

As discussed in Smolé¢ié¢ et al. (2009), this radio LF includes (like in our

measure of the distribution of Rx) mostly the FRI sources. Although also

The predicted radio LF is shown in Figure 4.6 and compared

affected by the uncertainties on the measure of the X-ray LF by La Franca
et al. (2005), our best fit #5 of the probability distribution function of Rx

provides a fairly good reproduction of the FRI radio luminosity function.

Contamination from star-forming galaxies

As a result of this computation, our estimate of the distribution of Ry al-
lows to predict the AGN FRI radio LF at luminosities smaller than L, 4 =
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102! W Hz™ !, never probed before. However, at these low radio luminosi-
ties the AGN could be overwhelmed by the radio emission of the hosting
galaxy because during periods of strong star formation activity the super-
novae remnants accelerate cosmic rays which radiate synchrotron emission

in local magnetic fields.

According to Ranalli, Comastri & Setti (2003), strong star forming galaxies
(~ 10 Mg yr!') have about 10*? erg s™' 2 — 10 keV luminosities, and, in
general, in all star forming galaxies a linear relation between the 1.4 GHz
radio and the 2 — 10 keV luminosities is observed, which corresponds to
a value Ry ~ —2.0. At face value this would imply that for the lowest
luminosity AGN (log Ly ~ 42 — 43 erg s~') most of our measure of the
P(Ry) distribution (which spans in the range —7 < Rx < —1) could be
contaminated if the hosting galaxies are undergoing a strong star formation
activity.

However, as shown in Figure 4.3, at low Ry values the P(Rx) distribution is
mostly measured from AGN with log Ly = 43—45 erg s~!, and redshift lower
than z ~ 0.5. At these low redshifts it is very unlikely for galaxies to harbor
a star formation stronger than ~ 10 My /yr~' (Elbaz et al. 2007; Noeske
et al. 2007), which roughly corresponds to an emission in the 2 — 10 keV
band of log Ly ~ 41 erg s~! (Ranalli, Comastri & Setti 2003). Therefore, for
example, in a low redshift AGN with log Ly ~ 44 erg s~!, having an hosting
galaxy whose star formation emits a 2 — 10 keV luminosity of log Lx ~
41 erg s71, the corresponding radio emission (having an intrinsic Ry ~ —2.0)
can contaminate our measure of the Ry distribution only for Rx values

smaller than —b5.

We can then conclude that only at the lowest Rx values (< —5) our measure
of the P(Rx) distribution is potentially affected by a contamination from
the radio emission due to the star formation activity of the AGN hosting

galaxies.
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Integral radio counts

We used the previously computed radio LF (Equation 4.5) to derive the

expected integral counts N(> S) from the following equation:

N(> S) = / v / " ( ) 1 ( )
—(]Z (D 1/ z (] (0) 1/ 4()
] ] Sk(z) LQ(Z) 1.4, g 1.4,

where k(z) = (1 + 2)*2~! (with F, o< v ®% and ag = 0.5) is the radio
K-correction, d;(z) the luminosity distance, and the integral counts are mea-
sured in sr~! units.

The predicted radio counts are shown in Figure 4.7. As our measured distri-
bution of Rx represents only the FRI population (see discussion in Section
3.4), in order to reproduce the total radio counts, the contribution derived
from the LF of the FRII population (as measured by Wilman et al. 2008) was
added. The reproduced counts are in good agreement with the observations.
At 1.4 GHz fluxes below 1 mJy the euclidean radio counts flatten, due to the
appearance of the population of the star forming galaxies. In this context, it
is matter of discussion which is the fraction of the AGN at these fluxes. Our
results agree with recent estimates of the AGN contributions to the sub-mJy
radio counts from Seymour et al. (2008) and Padovani et al. (2009). Similar
results (at these fluxes) have also been obtained from semi-empirical simula-
tions of the extragalactic radio counts by Jarvis & Rawlings (2004), Wilman
et al. (2008) and Ballantyne (2009).

4.3 The kinetic luminosity function

Once the radio LF of the FRI sources is measured (Equation 4.5 and Figure
4.6), in order to derive the kinetic mechanical luminosity function (KLF)
and its evolution, we should convolve the 1.4 GHz LF with a relation which

converts the radio luminosity L4 into a mechanical power L.
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Figure 4.7: Euclidean differential 1.4 GHz radio counts. The black line shows the expected
counts according to the convolution between the P(Rx) distribution (fit #5) and the X-
ray LF from La Franca et al. (2005); the green dashed line shows the counts produced
by the FRII sources (from Wilman et al. 2008); the red line represents the sum of these
two contributions. Radio counts measures from FIRST (White et al. 1997, black circles),
VLA-COSMOS (Bondi et al. 2008, magenta squares) and Owen & Morrison (2008, orange
squares) are also reported, as well as the AGN counts estimated by Seymour et al. (2008,

blue squares) and Padovani et al. (2009, cyan triangles).

In the last decade, several authors have worked on the estimate of this re-
lation (Willott et al. 1999; Birzan et al. 2004, 2008; Best et al. 2006; Heinz,
Merloni & Schwab 2007; Merloni & Heinz 2008). Following the discussion
of Cattaneo & Best (2009) we used two different estimates which are rep-
resentative of two different luminosity regimes. At high radio luminosities
(above ~ 10% W Hz™!), Willott et al. (1999) used the minimum entropy

density that the plasma radio lobes must have in order to emit the observed
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Figure 4.8: Kinetic LF as a function of the radio luminosity as estimated by Willott et al.
(1999, magenta), Best et al. (2006, blue), Merloni & Heinz (2007, red) and Birzan et al.
(2008, green). The continuous lines show the relations that have been used in our work
(see Section 4.3).

synchrotron radiation and obtained (see Figure 4.8):

0.85
Li = 1.4 % 10% __lagn: W
’ 1025 W Hz—! '

A second approach is to infer Lg from the mechanical work that the lobes do

(4.7)

on the surrounding hot gas. The expanding lobes of relativistic synchrotron-
emitting plasma open cavities (of volume V') in the ambient thermal X-ray
emitting plasma. The minimum work in inflating these cavities is done for
reversible (quasi-static) inflation and equals pV', where p is the pressure of
the ambient gas. Best et al. (2006) derived a relation between radio and
mechanical luminosity based upon this estimate for the energy associated
with these cavities, combined with an estimate of the cavity ages from the

buoyancy timescale (from Birzan et al. 2004). Comparing the mechanical
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luminosities of 19 nearby radio sources that have associated X-ray cavities
with their 1.4 GHz monochromatic radio luminosities leads to a relation

0.40
L =12 x 107 (Liaci: W (4.8)
K= 1025 W Hz ! ’ ‘

which is better suited for low luminosities (below L;4 ~ 10 W Hz™!) and
is close to the estimate by Birzan et al. (2008, see Figure 4.8). Using a
similar method, Merloni & Heinz (2008) obtained at high radio luminosities,
a relation similar to the one by Willott et al. (1999) but with about 0.5 — 1
dex higher kinetic luminosities (see Figure 4.8).

In this work (as in Cattaneo & Best 2009) we used Equation 4.7 at high lumi-
nosities (above Ly 4 ~ 10%® W Hz™!) and Equation 4.8 at lower luminosities.
Using these relations, once derived the radio LF from the X-ray LF and the
Rx distribution according to Equation 4.5, we can estimate the kinetic LF,
Oy (Lk,z), by the formula

= —— "2 =P (L1 4(L
dVdlog Ly 14( 1.4( K)7Z)

d IOg L1'4

O (L _
x(Lic, 2) dlog Ly’

(4.9)

while the bolometric radiative LF, ®..q(Lpol, 2), is derived from the X-ray
LF, via the bolometric correction Ly, = Kx(Lx)Lx, by

dN(LbOl,Z>
= PN — &y (L (L),
dleOngOl X( X( b l> Z)

where for Kx(Lx) we used the relation from Marconi et al. (2004). Both

dlog Lx

Draa (Lol 2) dlog Lyy’

(4.10)

the, so derived, kinetic and radiative (bolometric) LF are shown in Figure
4.9, while in Figure 4.10 the kinetic power density, Lx®x (L, z), as function
of the kinetic luminosity is shown.

By integrating in luminosity the above derived kinetic and radiative (bolo-
metric) LF it is possible to estimate the dependence of the AGN mechanical

and radiative power per unit cosmic volume as a function of redshift,

QK(Z) :/LK(L1‘4><I)1'4<L1.4,Z)lengA, (411)
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and Best et al. (2006) respectively. The red line is the result obtained using the combina-

tion of the two relations at high and low luminosities as described in Section 4.3.

and

Qrad(z) :/Lbol(Lx)(bx(Lx,Z)leng, (412)

which are shown in Figure 4.11. As both the above equations depend on

the X-ray luminosity function (see Equation 4.5) the integral lower limit was
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Figure 4.10: Kinetic power density as a function of the kinetic luminosity according to fit
#5 (red line). The results by Merloni & Heinz (2008) are shown by a cyan shaded area.

log Lx = 41 erg s~! which corresponds to a lower limit of log Ly, ~ 35.5 W
for Equation 4.12 and, according to the Rx distribution and the relation
between L; 4 and Ly (Equation 4.8) to a lower limit of log Ly ~ 34.5 W for
Equation 4.11.

The resulting kinetic power density would not change if, at all luminosi-

ties, the conversion of the radio into kinetic luminosity by Best et al. (2006,
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Figure 4.11: Radiative (green) and kinetic (red) power density as a function of redshift.
The red dashed line represents the result if only the Rx > —4 (i.e. the more radio-loud)
objects are used. Kinetic luminosity density estimations from Koérding, Jester & Fender
(2008, magenta), Cattaneo & Best (2009, orange), Merloni & Heinz (2008, cyan shaded
area) and Smolci¢ et al. (2009, blue shaded area) are reported, as well as kinetic and
radiative (i.e. radio and quasar modes) power densities used in the model of Croton et al.

(2006, black dashed and continuous lines respectively).

Equation 4.8) only would be used, while a factor 4 — 6 lower values would
be obtained using the relation from Willott et al. (1999, Equation 4.7), only.
As shown in Figure 4.9 this difference is caused by the steep drop off of the
1.4 GHz radio LF at luminosities higher than log L ~ 25 W (see Figure
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Figure 4.12: Kinetic to radiative power density ratio as a function of redshift (fit #5; red
line). Results from Croton et al. (2006) are shown by a black line.

4.6); as a consequence the resulting power density (the integrated kinetic
LF) depends mainly on which conversion of the radio luminosity into kinetic

power is used at low luminosities.

4.4 Discussion and conclusions

The probability distribution function of Rx, P(Rx|Lx, z) estimated in Sec-

tion 4.2 depends on both luminosity and redshift: the average Ry increases
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with decreasing luminosity and (possibly) increasing redshift (see best fit #5
in Table 4.1 and Figure 4.4). The observed increase of the average Rx value
with decreasing luminosity is similar to previous results and models where (in
analogy with X-ray binaries) low luminosity AGN are expected to be more
likely radio loud (see e.g. Merloni & Heinz 2008; Kording, Jester & Fender
2008). These trends, however, do not include the most luminous (radio loud;
mostly FRII) sources. As far as the more radio loud population is concerned,
it has been observed that the fraction of more radio loud AGN increases with
increasing optical (or X-ray) luminosity and decreasing redshift (Miller, Pea-
cock & Mead 1990; Visnovsky et al. 1992; Padovani 1993; La Franca et al.
1994; Goldschmidt et al. 1999; Ivezi¢ et al. 2002; Cirasuolo et al. 2003; Jiang
et al. 2007).

The knowledge of the Rx distribution, once convolved with the X-ray LF and
the relations between the kinetic and radio luminosity, allows to estimate
the kinetic LF and its evolution. At luminosities higher than the break
of the bolometric LF (Lg ~ 10%* W) the kinetic LF results to be more
than two orders of magnitude smaller than the bolometric LF (see Figure
4.9), while at lower luminosities the relevance of the kinetic LF increases,
reaching values comparable to the bolometric one at Lx ~ 1036 W, which
roughly corresponds to the minimum luminosity experimentally probed by
the X-ray LF (log Lx ~ 42 erg s7'; see e.g. La Franca et al. 2005). The
kinetic LF shows a maximum in the range Lx = 10%% — 103" W, where most

(~ 90%) of the kinetic power density (shown in Figure 4.10) is produced.

In Figure 4.11 we show the kinetic and radiative power density as a function
of the redshift. We also show the kinetic power density corresponding to the
more radio emitting AGN having Ry larger than —4, and then corresponding
to the population which is typically represented by the radio LF (see in Figure
4.6 the comparison of the reproduced radio LF with Ry > —4 with the radio
LF of FRI sources as measured by Smolci¢ et al. 2009). It is then possible to
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see that the kinetic power density could be underestimated by up to a factor
of about two, if the radio LF alone is used, without taking into account the

low radio luminosity AGN population.

Our estimates are in qualitative agreement with the trends of the radiative
and kinetic power density with redshift used by Croton et al. (2006) at z > 0.5
(see Figure 4.11). However, at lower redshifts we find a sharp (a factor of
five) decrease of both radiative and kinetic power densities from z ~ 0.5
(i.e. about 5 billion years ago) to z = 0. This result is quite robust, and
comes from the strong negative evolution of the AGN LF from z ~ 2 down to
z = 0, which has been observed since the first studies of the QSO evolution
in the optical (see e.g. Marshall et al. 1983; Croom et al. 2009, for recent
results), and measured by many other authors in the hard X-rays (e.g. Ueda
et al. 2003; La Franca et al. 2005; Hasinger 2008). Conversely, Croton et
al. (2006) assume an almost continuous increase of both the kinetic and
radiative powers, due to the assumption that both phenomena are related to
an almost constant accretion onto the SMBH. Under this assumption Croton
et al. (2006) overestimate both the AGN radiative and kinetic power densities
at low (z < 0.5) redshift, allowing only for a much shallower decrease of the
kinetic feedback (a factor of 30%) and of the AGN radiative power.

In Figure 4.12 we show the Qg /€),.q ratio as function of redshift. According
to our best fit #5, at z > 0.5 the kinetic power density is ~ 5% of the
radiative density, and increases up to about 30% at decreasing redshifts. This
increase at low redshifts of the ratio of the kinetic power to the radiative
power density could help in modeling the quenching of the star formation
at low redshift. In Croton et al. (2006) a milder increase is assumed, which
should be attributed to the (above discussed) overestimate of the low redshift
AGN radiative density.

Many previous results on the AGN kinetic LF are based on the convolution

of some relations between the kinetic and radio power with direct measures of
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the AGN radio LF (e.g. Shankar et al. 2008; Merloni & Heinz 2008; Kording,
Jester & Fender 2008; Cattaneo & Best 2009; Smolcié et al. 2009). As already
discussed in the introduction, the measure of the Ry distribution is useful
in order to allow a detailed implementation of the AGN feedback within the
galaxy formation and evolution models because it gives the opportunity to
predict the radio luminosity (and thus feedback) of each AGN as a function

of its luminosity (accretion rate) and redshift.

According to our best fit #5, in the redshift range z = 0.5 — 3 the integrated
kinetic power density is ~ 1 — 2 x 103 W Mpc™ (see Figure 4.11). This is
in rough agreement with the previous estimates by Merloni & Heinz (2008),
Kording, Jester & Fender (2008) and Smolcié¢ et al. (2009). At lower redshift
(z <0.5) we observe a drop by a factor of five, similar to what observed by
Kording, Jester & Fender (2008), and in agreement, within the uncertainties,
with Merloni & Heinz (2008). On the contrary our results are, at any redshift,
2—8 times greater than that reported by Cattaneo & Best (2009). Merloni &
Heinz (2008) found that their kinetic LF roughly corresponds to a constant
overall efficiency in converting the accreted mass energy into kinetic power
€xin =~ 3 — 5 x 1073 (where Lx = egnmc?). Their results are similar to ours
where, according to Equations 4.11 and 4.12, on average, we have ¢y, =~
(Qx /Qad)er = 5 x 1073, as we measure Qg /g =~ 0.05 (see the Qg /Qraq
ratio as a function of redshift in Figure 4.12), and assuming a radiative
efficiency eg = 0.1 (Marconi et al. 2004). However, we observe an increase of
the Q /Qyaq ratio (i.e. of the kinetic efficiency) up to a value 0.3 at decreasing
redshifts, which Merloni & Heinz (2008) observe in the most massive objects
only (> 108 —10? M; see e.g. their Figure 13). It should also be noted that,
although the integrated kinetic power density of Merloni & Heinz (2008) is
in agreement with our estimate, their kinetic LF is similar to our measure
only at Ly ~ 103 W (see Figure 4.10), while it is definitely larger (by about

an order of magnitude) at higher kinetic luminosities. Once integrated in
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Figure 4.13: Same as Figure 4.11. The dashed red line shows the resulting kinetic power
density when using the same low luminosity integration limit as in Merloni & Heinz (2008).
See Section 4.4 for details.

luminosity, the computed power densities are similar (at z <3) because our
low luminosity limit (Lx = 103 W) is significantly lower than that used by
Merloni & Heinz (2008, Ly = 103 W). If we use the same low luminosity
limit used in Merloni & Heinz (2008), the resulting kinetic power density
would be up to a factor of 10 lower with respect to Merloni & Heinz (2008),
as shown in Figure 4.13. The origin of this difference is clear from Figure
4.10, where our results and the kinetic luminosity function from Merloni
& Heinz (2008) above Lx = 10°® W are very different. The contribution
from radio quiet sources is therefore required in our estimate to correctly

reproduce the galaxy formation models expectations; in Merloni & Heinz
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(2008) this contribution is not needed, and could instead lead to an estimate
of the kinetic power density well above the model requirements.

Shankar et al. (2008) found that the ratio of the kinetic to bolometric lumi-
nosity, defined as gy = Lg /Lo, is constant and equal to g, = 0.10 with a
scatter of 0 = 0.38. According to Equations 4.11 and 4.12, g5 corresponds
roughly to the ratio Qx /Q.q (plotted as function of redshift in Figure 4.12),
which, as discussed above, levels at ~ 0.05 at z > 1 while increases up to 0.3
at z = 0.



Chapter 5

The obscured Black Holes
growth phase

5.1 Introduction

In the last years, the X-ray universe has been probed down to extremely deep
fluxes, thanks to the ESA XMM-Newton and NASA Chandra missions. The
latest data catalog from the Chandra Deep Field South (CDFS) has reached
a flux limit of about F(2 —8 keV) ~ 5 x 10717 erg s™! cm ™2, revealing a sky
density above 10000 AGN per square degree. Optical surveys, however, are
limited to shallower magnitude levels (e.g. B = 22, Wolf et al. 2003) and
reveal only a density of hundreds of AGN/deg?. Therefore, X-ray surveys
are the most powerful tools available to detect AGN.

However, even the most deep X-ray surveys may not be able to detect the
whole AGN population. The most heavily obscured sources suffer from at-
tenuation in their spectrum, due to Compton scattering, at energies below
10 keV; only a small number of these Compton-thick AGN have been de-
tected. Nevertheless, the number density of these sources is expected to be

much higher (as stated in Section 2.6): the SMBH mass function obtained by
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integrating the X-ray luminosity function is a factor of ~ 1.5 —2 smaller (de-
pending on the assumed efficiency in the conversion of gravitational energy
to radiation) than the same mass function derived using the Mgy — oy scal-
ing relations and the local bulge’s luminosity function (Marconi et al. 2004;
Merloni & Heinz 2008). Moreover, AGN synthesis models for the cosmic X-
ray background require a significative number of Compton-thick sources, at
moderate redshifts, to account for the peak at 20 — 30 keV (Gilli, Comastri
& Hasinger 2007).

In the last few years, the mid infrared part of the spectrum has gathered
much attention for providing an alternative and promising way to detect
highly obscured AGN. The radiation coming from the inner region is ab-
sorbed by the circumnuclear dust and re-emitted at infrared wavelengths,
thus making highly obscured AGN bright infrared emitters. In this kind of
sources, the 2—10 keV X-ray emission may be diminished by up to two orders
of magnitude, while the mid infrared emission remains unattenuated: in this
range of wavelengths, the dust extinction is less strong than in nearby parts
of the spectrum (like the near infrared and the optical/UV part). All these
features explain why surveys in the mid infrared band have more capabilities
to reveal obscured AGN. We will briefly review the most recent developments

in the search of Compton-thick AGN in the following Section.

5.2 Recent results

Several authors have pointed out that the sources with strong mid infrared
(24 pm) fluxes but faint optical and near infrared emission are probably host-
ing heavily obscured Compton-thick nuclei. Martinez-Sansigre et al. (2005)
first detected a population of distant objects via this selection and argued
that these are mostly highly obscured type 2 QSO (as confirmed by spec-

troscopic observations) and their number is at least comparable in size to
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the unobscured AGN. Houck et al. (2005) selected a population of distant
galaxies with extreme mid infrared-to-optical ratios (Fys/Fr > 1000) around
z ~ 2; these kind of sources are called Dust Obscured Galaxies (DOGs; Dey
et al. 2008).

DOGs are young, massive, star-forming galaxies. It has been shown that
this kind of sources have higher stellar mass and star formation rates with
respect to the normal galaxies: the majority of DOGs have stellar masses
above 10" M, and SFR > 40 Mg/yr (some extreme objects may form
hundreds or even thousands of solar masses per year).

Stacking analysis is a powerful tool to study X-ray emission of DOGs. In
deep X-ray surveys it is possible to detect these sources by stacking together
the X-ray images at the infrared position of the sources. Using this technique,
it has been suggested (Daddi et al. 2007; Fiore et al. 2008; Georgantopoulos
et al. 2008; Fiore et al. 2009) that the majority of DOGs have redshifts in
the range z = 1 — 3 and host a Compton-thick AGN.

Fiore et al. (2009)

Fiore et al. (2009) selected a sample of DOGs in the COSMOS field and
analyzed its X-ray properties. About ~ 25 — 30% of the sample is de-
tected in the X-rays, and a fraction of 75% of these sources have luminosities
compatible with AGN emission. The remaining part of the sample is not
detected in the X-ray band; the authors computed the stacked count for
these sources and used the estimated hardness ratios to constrain the frac-
tion of Compton-thick sources in the candidate sample, making also use of
detailed Monte Carlo simulations; these simulations were performed assum-
ing that the sources without X-ray detection are either highly obscured AGN
or star forming galaxies, and probing which combination better reproduces
the observed values of hardness ratio. They demonstrated that the sam-

ples of sources with highest Fy,/Fp ratios, as well as extreme R — K colors
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Figure 5.1: Space density of Compton-thick AGN as a function of redshift, as reported by
Fiore et al. (2009, magenta), Treister et al. (2010, orange), Alexander et al. (2011, red)
and Luo et al. (2011, cyan). The intrinsic 2 — 10 keV luminosity range of each sample is

reported near the data.

(R — K > 4.5), are almost made up of Compton-thick AGN. The authors
also gave an estimation of the volume density of Compton-thick AGN in
two redshift-luminosity bin, founding ®cp = (4.8 £ 1.1) x 107% Mpc™? for
z=12-22andlog Lx = 44—45ergs™", and ®cr = (3.7£1.1)x 107> Mpc
for 2 = 0.7 — 1.2 and log Lx = 43.477 — 44 erg s™' (see Figure 5.1); these
results mean that the highly obscured AGN densities in these two bins are

~ 44% and ~ 67% respectively of the densities of unobscured and moder-
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ately obscured AGN as expected from the La Franca et al. (2005) luminosity

function.

Treister et al. (2010)

Using the same selection criteria from Fiore et al. (2009), Treister et al.
(2010) selected a sample of infrared excess sources in the Extended Chandra
Deep Field-South. While a small fraction (~ 9%) of these sources are X-
ray detected and still compatible with moderate values of absorption (Ng =
102 — 10%® cm™2), the majority of the sample is again undetected in the
X-rays. Using a stacking analysis of the undetected sample, the authors
found significant detection in both soft and hard bands, and the average X-
ray spectral properties can be interpreted by assuming that ~ 90% of the
population is made up of Compton-thick sources. They also studied the
space density of sources implied by this sample, and, while at low redshifts
and luminosities their results are in good agreement with existing models
or extrapolations of X-ray luminosity functions to higher obscurations, from
z = 1.5 to 2.5 they observed a strong positive evolution in the number of

044 1

sources with Lx > 10** erg s™*, as shown in Figure 5.1.

Georgantopoulos et al. (2011)

Georgantopoulos et al. (2011) performed a spectral analysis of a sample of
22 X-ray detected DOGs from the Chandra Deep Fields, and address the
Compton-thick content of this sample mainly using the information obtained
from X-ray spectroscopy. They found that 7 out of 22 DOGs are associated
with relatively unobscured sources, having a power-law spectrum with I' >
1.4 (the value of I' = 1.4 corresponds to the stacked spectrum of all sources
in the CDFS; see Tozzi et al. 2001). A number of intrinsically flat-spectrum

(I' < 1) sources have also been found: when limiting the analysis to the
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subsample with good photon statistic, they found that 4 out of 12 (30%)
sources have a flat spectrum. Georgantopoulos et al. (2011) conclude that
this fraction could be as high as 50% if all sources are taken into account,

lower than reported in the previously reported studies of stacking analysis of
X-ray undetected DOGs.

Alexander et al. (2011)

Alexander et al. (2011) put a constraint on the obscured AGN density in the
z ~ 2 BzK galaxy population, using the new CDFS 4 Ms observations. The
authors approach consisted in characterizing the X-ray spectral and variabil-
ity properties of the X-ray detected part of the sample, and performing a
stacking analysis of the X-ray undetected sources. The most obscured (i.e.,
with a flat spectral slope) AGN resulted to be better characterized by a
pure reflection model than an absorbed power-law, suggesting an extreme
Compton-thick absorption, and moreover their composite spectrum show a
prominent emission line at ~ 6.4 keV; however, the authors do not clearly
reveal further AGN sources in the undetected part of the sample, suggest-
ing that their contribution is not dominant. This led to an estimation of a
space density of ®or ~ f x 4 x 107 Mpc ™ for Compton-thick sources with
2 — 10 keV luminosity Lx = 10%® erg s~! in the redshift range z ~ 1.4 — 2.6,
where f lies between 0.1 and 0.5 (Figure 5.1).

Luo et al. (2011)

In their work, Luo et al. (2011) analyzed 242 sources identified via the
ISX selection method (Daddi et al. 2007) in the CDFS at redshift z =
0.5 — 1; an X-ray stacking analysis of 23 of the objects in the central re-
gion resulted in a very hard X-ray signal with an effective photon index of

I' = 0.67)2 indicating a significant contribution from obscured AGN. Using
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Monte Carlo simulations, the authors inferred that in the ISX sample the
fraction of obscured AGN is as high as 74% + 25%, within which ~ 80%
are Compton-thick AGN; these sources have moderate intrinsic X-ray lumi-
nosities (~ 1 —5 x 10?2 erg s7!). Luo et al. (2011) estimated that the space
density of Compton-thick AGN in these redshift and X-ray luminosity ranges
is (1.6 £0.5) x 10~* Mpc ™ (Figure 5.1).

This work

In this work we have used the 24 um selected sample described in Section 3.2,
which consist in 16409 sources with a redshift measurement available, either
spectroscopic or photometric, and accurate 5.8 pm luminosity estimation.
All these sources are shown in Figure 5.2 on the redshift-5.8 ym luminosity

plane.

We divided our data-set in 12 L;g — z bins as shown in Figure 5.2; the
redshift and luminosity ranges of each bin were chosen to avoid any potential
incompleteness due to the flux limits of the two sources. These ranges, the
survey used (either COSMOS or GOODS) and the 24 pm sources included

in each bin, are reported in Table 5.1.

5.3 X-ray detected CT AGN

In some cases the Chandra observations may be deep enough to directly
detect Compton-thick AGN. Therefore, before looking for hidden obscured
AGN within our sample of 24 um sources, we first searched in the literature

for published lists of Compton-thick AGN in COSMOS and GOODS that

are suitable to be included in our sample.
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5.3.1 CT AGN in COSMOS

In the C-COSMOS catalog we did not found any Compton-thick AGN among
those sources with enough X-ray counts (70) to carry out detailed spectral
fit analyses (see Lanzuisi et al. in preparation).

We then verified if Compton-thick AGN exist among detected sources with
less X-ray counts (for which a detailed spectral fit analysis was not possible).
Therefore, we selected all those sources in the C-COSMOS catalog with less
than 70 counts in the 0.5 — 7 keV band and estimated the Nz value from
the hardness ratio. According to this analysis we found 55 objects with
log Ny > 23.8, which were further studied in more detail. The sources have
been divided in four redshift bins having the same ranges reported in Table
5.1 (due to the small numbers, we were not able to further divide these strips
in luminosity bins). In each redshift bin, the average 0.5 — 7.0 keV spectrum

was extracted and fitted with two different models: a power-law with a single

Table 5.1: Sources in the Ls g — 2z grid (see Figure 5.2.

bin z logLsg ym  number  survey
erg s~ ! of sources used

A2 1.5-2.1  45.0-46.0 94 COSMOS
A3 21-2.6  45.0-46.0 202 COSMOS
A4 2.6-3.5 45.0-46.0 339 COSMOS
B1 1.0-1.5 44.5-45.0 255 COSMOS
B2 1.5-21  44.5-45.0 383 COSMOS
B3 2.1-26 44.5-45.0 426 COSMOS
B4 2.6-3.5 44.5-45.0 44 GOODS
Cl 1.0-1.5  44.1-44.5 865 COSMOS
C2 1.5-2.1  44.1-445 1311 COSMOS
C3 2.1-2.6 44.1-445 80 GOODS
DO 0.5-1.0 43.6-44.1 709 COSMOS

D1 1.0-1.5 43.6-44.1 118 GOODS
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Figure 5.2: 5.8 pym luminosity-redshift distribution for sources in the mid infrared sample.

absorption component and two power-laws with two absorption components,
with one fixed to Ny = 3x10%* cm™2; the second model gave the best results,
suggesting that Compton-thin and Compton-thick AGN are both present in
these samples, in an almost equal fraction. On average, these results predict
that the contribution of these sources to the CT population is less than a

few sources in each of the Lsg — 2z bins used in our analysis (see Table 5.1).

5.3.2 CT AGN in GOODS

In the GOODS field, Brightman & Ueda (2012) performed a spectral analysis
of the sources contained in the CDFS 2 Ms catalog from Luo et al. (2008),
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using the full CDFS 4 Ms data set already available, and found a total of 41
Compton-thick AGN (with 10** < Ny < 10% ¢cm™2). The authors presented
a list of 20 secure (confidence limit > 90%) Compton-thick sources, with
the details of the spectral fit parameters. Two Compton-thick sources from
Brightman & Ueda (2012) are included in our Lsg — z grid, and then have
been taken into account in the following analysis.

Recently, Iwasawa et al. (2012) presented a list of 7 obscured AGN selected
using their X-ray excess in the 9 — 20 keV band, relative to lower energy
emission, including two possible Compton-thick sources. However, these two
Compton-thick candidates (PID 114 and PID 252) lie outside the Lsg — 2
grid defined in section 3.2.3, and so we did not include them in the following
analysis.

The breakdown of the number of X-ray detected Compton-thick sources in

each Lsg — 2z bin is reported in Table 5.2 (column 2).

5.4 Sources without X-ray detection

Several selection criteria have been proposed to efficiently select Compton-
thick AGN on the basis of their optical and mid infrared properties, as dis-
cussed in Section 5.1. It has been shown that most of the sources with high
mid infrared to optical color ratio (MIR/O> 1000) are highly obscured AGN.
However, Compton-thick sources are also found at lower MIR/O values, al-
though in a smaller fraction (see Fiore et al. 2009).

In this work, we adopted a different approach, based on the study of the X-
ray count rates of 24 pm sources; this study can give useful information on
whether an highly obscured AGN is hosted by an infrared source or not. We
expect unobscured or moderately obscured AGN to be located in the high end
of the X-ray count rate distribution, while sources not powered by accretion,

like passive galaxies, should lie at the lower end of the same distribution.
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Figure 5.3: 2-10 kev luminosity as a function of 5.8 pum infrared luminosity for detected
AGN sources in C-COSMOS catalog. The red and cyan dashed lines indicate respectively
the best-fit relations for Ny > 10?3 and Ny < 10?* em~2 AGN populations (see Section
5.4.1).

We expect to find Compton-thick AGN in an intermediate region of this
distribution. Therefore we studied the X-ray count rate distribution for all
24 pm sources included in our data-set (COSMOS and GOODS) and included
in the Lsg — z bins defined in Table 5.1.

5.4.1 Simulations to assess count-rate distributions

To define quantitatively the X-ray count rates ranges in which Compton-thick

are expected to be found, we developed a simulation code that generates the
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Figure 5.4: X-ray spectrum assumed in our simulations for seven different Ny absorption

values (see section 5.4.1).

expected X-ray count rate distributions of AGN in three different classes of
absorption, starting from the expected intrinsic X-ray luminosity for each

source and assuming an Ny distribution.

Ny distribution

We first computed the expected number of AGN per unit volume in 30 Npy
bins (between 20 < log Ny < 25) and in a dense Lx — z grid using the X-
ray luminosity function from La Franca et al. (2005); the results have been
rebinned in three different bins of Ng: unabsorbed (10*° < Ny < 10?2 cm™2),
Compton-thin (10%? < Ny < 10** em™2) and Compton-thick (10** < Ny <
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10% cm™2). Following the prescriptions of La Franca et al. (2005) we adopted
a flat distribution for Ny values larger than 10*! cm ™2, where the fraction of

absorbed AGN increases with decreasing luminosity and increasing redshift.

5.8 ym-X-ray luminosity correlation

One of the most important ingredients of our simulation is the prediction of
the intrinsic X-ray luminosity that an AGN could have according to its Lsg
luminosity. The Ly — Lsg correlation has been measured (although with a
large scatter) for all COSMOS 24 pm sources with an X-ray counterpart: we
estimated the Ny values of all sources on the basis of their hardness ratio
and evaluated the Ly — L5y correlation in two different absorption bins. We
found:

log L(2 — 10 keV) = 0.676 log L5 g + 13.622 (5.1)

for Ny < 10% cm™2, and
log L(2 — 10 keV) = 0.676 log Ls.s + 13.842 (5.2)

for Ny > 10% cm ™2, with a scatter of 0.5 dex in both cases (see Figure 5.3).
The above Equations 5.1 and 5.2, along with their scatter, were used to infer
the densities of AGN in the Lx — z space (as predicted by La Franca et al.
2005) into the Lsg — z space.

X-ray spectrum

We assumed a power-law spectrum with an energy index axgn = 0.8, plus
a Compton-reflection component with the same normalization of the power-
law, assuming an inclination of the reflecting material to the line of sight of
60 degrees, and a scattering component with the same spectral index of the
power-law component and normalization 1/100 of the power-law component.

For Ny > 3 x 10** cm™2, we assumed that direct emission is completely
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blocked by photoelectic absorption and Compton scattering. As an example,

Figure 5.4 shows the X-ray spectra corresponding to seven Ny values.

Simulation results

In each Lsg — 2z bin we computed the expected X-ray count rates in the
0.5 — 7.0 keV band, based on the X-ray luminosities and the 30 Ny values
we used to compute the expected densities of AGN. The 0.5 — 7.0 keV count
rates were computed from 2 — 10 keV luminosities using the above described
spectra and the Chandra on axis response.

In Figure 5.5 the expected AGN count rate distribution, computed with the
above described method in the B2 bin (see Table 5.1), is compared with the
observed background subtracted count rate distribution of the 24 ym sources.
It should be noted that the observed distribution is bimodal: a main peak,
located in the range between 107° and 10~ counts/s, and a secondary max-
imum, at higher count rate values, are visible. As expected, according to
the simulations of the count rate distributions, the secondary maximum at
high count rate values is fairly well reproduced by the population of unab-
sorbed AGN (orange dashed line in Figure 5.5), while Compton thin AGN
are expected at slightly lower count rates (red dashed line in Figure 5.5).
According to our simulations the Compton-thick AGN are expected to have
count rates lower than the Compton-thin population. The green vertical
line in Figure 5.5 represents the lower limit of the expected Compton-thick
AGN distribution: in our simulations, no Compton-thick AGN generate X-
ray count rates with values lower than the green line. This suggests that
Compton-thick AGN are rare at lower count rates where instead starburst
galaxies are expected.

In Figure 5.5 the magenta line shows the X-ray count rate distribution of
the observed 24 pum sources having more than 10 background-subtracted X-

ray counts (within 5” from the infrared position). As shown before, almost
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Figure 5.5: X-ray count rate distribution for 24 pm selected sources in the B2 bin (black
solid curve; see Table 5.1); the magenta solid curve represents the count rate distribution of
sources above 10 background subtracted counts. Expectations from La Franca et al. (2005)
luminosity function are shown in dashed curves, for unabsorbed (log Ny < 22, orange)
and Compton-thin (22 < log Ny < 24, red) sources. Green dashed line indicates the lower
limit used for Compton-thick candidates selection; the green shaded area represents the
count rate range where Compton-thick AGN are expected to be found (see Section 5.4.1

for details).

all these sources are either unabsorbed or Compton-thin AGN (see above)
and therefore very few Compton-thick AGN are expected in this subsample.
Moreover, the magenta curve is very tightly related to the distribution of the
X-ray detected sources: if a Compton-thick AGN produces an X-ray count
rate value in this range, we should find it among the X-ray detected sources

(see Section 5.4.1).
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Figure 5.6: Expected and observed X-ray count rate distributions in the 9 COSMOS bins.
Average 5.8 pm luminosity and redshift for each bin are reported. The color combinations

are the same from Figure 5.5.

We then decided to carry out our analysis on those 24 ym sources having X-
ray count rates in the interval between the green (lower limit of the expected
Compton-thick distribution) and the magenta (lower limit of the observed

sources with more than 10 background-subtracted counts) lines; this interval
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Figure 5.7: Same as Figure 5.6 for the 3 GOODS bins.

is showed with a green shaded area in Figure 5.5.

The same selection has been applied to all the 12 bins of the L5g — 2z plane
(see Figures 5.6 and 5.7). In Table 5.2 the number of sources that satisfy
this selection criterion are reported in column (3).

It should be noted that changing the assumptions on the Ng distribution
does not affect the position of the lower limit of the count rate distribution
of Compton-thick AGN, but only their number density. However, as a further
check, in a small number of bins we have also carried out our study on those

sources with X-ray count rates below the lower count rates threshold.

5.4.2 Stacking analysis

Due to the very low count rates of the sources in our samples, it is not pos-

sible to study them individually with common spectral analysis techniques.
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However, the high positional accuracy of Chandra X-ray data allows to su-
perimpose (stack together) the X-ray images of several sources in order to
increase the signal to noise ratio (SNR). This stacking analysis techinque in-
creases the exposure time by tens to hundreds of times, and by a factor about

square root of this value the sensitivity and the flux limit of the sample.

Several requirements have to be fulfilled in order to efficiently apply the
stacking analysis technique. The positions of the stacked sources must be
known with high precision, to avoid dispersion of the signal on a higher area
and the inclusion of spurious counterparts. The stacked sources must also
belong to the same population (i.e. with similar X-ray properties) in order to
obtain a coherent average spectrum from the stacking of several individual
sources. It should be avoided to include in the analysis bright sources (i.e.
having fluxes much higher than the average flux of the other stacked sources);
otherwise, the resulting spectrum would not represent an average property of
the whole population, but it would be dominated by the brightest sources. To
characterize the average X-ray properties of the above described samples, we
performed a detailed stacking analysis of the Chandra counts at the infrared
positions of each source, in order to obtain an average hardness ratio in each
Lsg — z bin. Due to the different depth of the X-ray data available for the
two surveys, COSMOS and GOODS sources were treated separately.

The upper X-ray count rate threshold that we have applied in our selec-
tion (see Section 5.4.1) allowed us to exclude from the analysis the brightest
sources, that, as stated before, could dominate the resulting stacked spec-
trum. To reduce the background noise, we have further excluded from our
analysis the candidates nearby X-ray detected sources, i.e. when a source
was found in the X-ray catalog within a radius of 15 arcsec from the infrared
position of the candidate. When dealing with COSMOS data, this led to the
exclusion of less than 10% of the selected candidates, while in GOODS this

fraction may reach, in some of the Lsg — 2 bins, ~ 40 — 50% of the sample.
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This stacking analysis was performed in two energy bands, in order to evalu-
ate in each bin the mean hardness ratio for the selected candidates. Following
Fiore et al. (2009), we chose the 0.3 — 1.5 keV and 1.5 — 6 keV bands as soft
and hard bands, as these energy bands give the best results in terms of SNR.
The resulting stacked images are shown in Figures 5.8 to 5.19.

We performed several trials in order to chose the source extraction region
in order that maximizes the SNR. A box with a 5 arcsec side (100 ACIS-I
square pixels area) resulted to be the best possible choice; we obtained a
slightly lower SNR using a box with a side of 4 arcsec.

We used the derived soft and hard X-ray stacked counts to compute, in each
Lss — z bin, the average hardness ratio for our Compton-thick candidate

samples. We defined the hardness ratio and its error as

H-S
HR= g (5:3)
_ [(HAS)? + (SAH)?
AHR = \/ R (5.4)

The resulting hardness ratios, as well as the number of sources that entered

the stacking analysis, are shown in Table 5.2.

5.4.3 CT AGN fraction in 24 ym samples

We used the hardness ratios derived for each Lsg — 2z bin from the stacked
images to constrain the fraction of Compton-thick AGN to the total 24 pym
sources in the selected X-ray count rates ranges. For this purpose, we de-
veloped a Monte Carlo code that simulates the X-ray count rates produced
by a given population of sources (star-forming galaxies, Compton-thin &
Compton thick AGN) as a function of the redshift, infrared luminosity and

exposure time of each object.
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Figure 5.8: Stacked Chandra images in the soft 0.3 — 1.5 keV (left) and in the hard 1.5—6
keV (right) bands, in the A2 bin. Images have sides of ~ 25" and have been smoothed

with a Gaussian with o = 1”.
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Figure 5.9: Same as Figure 5.8, for bin A3.
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Figure 5.10: Same as Figure 5.8, for bin A4.
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Figure 5.11: Same as Figure 5.8, for bin B1.



112 Chapter 5. The obscured Black Holes growth phase

1 2 3 4

5 B

Figure 5.12: Same as Figure 5.8, for bin B2.
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Figure 5.13: Same as Figure 5.8, for bin B3.
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Figure 5.14: Same as Figure 5.8, for bin B4.
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Figure 5.15: Same as Figure 5.8, for bin C1.
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Figure 5.16: Same as Figure 5.8, for bin C2.

Figure 5.17: Same as Figure 5.8, for bin C3.
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Figure 5.18: Same as Figure 5.8, for bin DO.

Figure 5.19: Same as Figure 5.8, for bin D1.
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Table 5.2: Results of the stacking analysis of X-ray undetected sources.

bin # of det # of undet hardness ratio CT/MIR CT density
sources sources (H-S)/(H+S) fraction Mpc ® dlogL~"

A2 0 30 0.329+0.181  0.667072  2.1670749 x 1076
A3 0 52 0.31740.170  0.62751%  4.657195 x 1076
A4 0 111 —0.094 +0.261  0.247525  1.6971%5 x 1076
B1 0 53 0.009+0.331  0.457037  8.43%337 x 1076
B2 0 131 0.447£0.131  0.73707  2.5870%0 x 107°
B3 0 136 0.441+£0.166  0.677075  3.0270-88 x 1077
B4 2 17 0.2874+0.198 0477532 4781188 x 107°
C1 0 293 0.360 £0.087  0.6670 09 1.167018 x 1074
C2 0 412 0.354 £0.100  0.617070 2.9970:99 x 1074
C3 0 27 0.152+0.258  0.321032  9.897927 x 1077
DO 0 236 0.17340.101  0.467015  6.347128 x 107°
D1 0 30 0.205+£0.139 0487013 2.387029 x 1074

Using these simulations we computed the average hardness ratio, in each
bin, as a function of the fraction of highly-obscured AGN, assuming that the
sources are either Compton-thick AGN or star-forming galaxies. Actually,
a small number of these sources may be indeed mildly obscured AGN; to
account for this contamination we included in each simulation a fixed num-
ber of Compton-thin AGN, as expected from the La Franca et al. (2005)
luminosity function. However, this contamination resulted to be negligible.
Following Ranalli, Comastri & Setti (2003), for the star-forming objects we
assumed a log(ALy(5.8um)/L(2 — 10 keV)) luminosity ratio of 2.38, with a
gaussian dispersion of 0.5 dex, and a power-law spectrum with an energy
index agp = 0.9, with a gaussian dispersion of 0.1 dex; we also assumed that

the star-forming galaxies are not affected by absorption.

For the AGN component, as already described in Section 5.4.1, we:
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Figure 5.20: Fraction of Compton-thick AGN to the selected sources (with count rates
in the range where Compton-thick AGN are expected; see Section 5.4.1) as a function of
redshift.

1. converted the 5.8 pm luminosities into X-ray luminosities assuming
Equations 5.1 and 5.2 for the Compton-thin and Compton-thick AGN,

respectively;
2. assumed the X-ray spectra shown in Figure 5.4;

3. used the Ny distribution following La Franca et al. (2005).

For each assumed fraction of highly-obscured AGN a total of 50 series of

simulations have been carried out. To produce a Compton-thick AGN, we
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randomly pick a redshift /luminosity /exposure set of values from our selected
sample of candidates and a Ny value from the column density distribution;
the sets of values used to generate the star-forming galaxies and Compton-
thin AGN were instead taken from the whole population sample in the L;g—=z
bin. All simulated sources, whose count rates resulted to be outside the range
of the parent sample (see Section 5.4.1), were excluded from the analysis and
a new object was generated. We conservatively requested that the Compton-
thin AGN were so bright to have count rates very close (within 0.1 dex) to
the upper limit value of the parent sample.

We used the output of these simulations to convert the hardness ratios ob-
tained from the stacking analysis into the fractions of Compton-thick AGN
to the 24 pm sources having X-ray count rates included in the selected ranges
(see Section 5.4.1); these fractions are reported in Table 5.2. The same frac-
tions are also shown in Figure 5.20 as a function of redshift.

As stated in Section 5.4.1, in order to check how much effective our count
rate selection criterion was, we also stacked together the X-ray counts of the
24 pm sources having count rates lower than those in the ranges defined in
Section 5.4.1. In this case it resulted that the average hardness ratio was, as
expected, definitely smaller and compatible with a population of star forming

galaxies only.

5.5 Density of Compton-thick AGN

We studied the X-ray count rate distribution of our 24 pm selected sample in
order to define the range of values in which is most likely to find the emission
from Compton-thick AGN, and then studied, in several Lsg — z bins, the
spectral X-ray properties to constrain the fraction of highly obscured AGN.
These measures allowed us to derive, from the volume densities of the 24 ym

sources, the Compton-thick AGN volume densities.



5.5. Density of Compton-thick AGN 119
E T | T | T T T T + T | T | T T T B
B T = ]
1074 g T a E
1075 {2 Bl i :-_\4\._\_ _§=_//"f - - ITimma -
= SE -
- ¥ '~
—107° = E
— E T .
QO - . -
= Lo-7 L 43.3<L<43.7 T 43.7<1,<43.9 i
= Ll T T -
@ 3L L L L BN B L B B 1 3
O - — -
Q_. — — —
=10 & = 5
= b acwn? g |
107% & k\% ...... = 3
F AN T T T T TR -
\s/ S =
108 :— == =
: ¥ :
[ 43.92L,<44.3 T i

. . 4
07 | E
1 1.5 2 25 3 25 3 3.5
redshift

Figure 5.21: Volume density of 24 pum selected Compton-thick AGN as a function of

redshift. Black filled circles show the measurements described in this work. Filled triangles

represent the results from previous works (see Section 5.1): Fiore et al. (2009, magenta),
Treister et al. (2010, orange), Alexander et al. (2011, cyan). The dashed lines show the
expectations from La Franca et al. (2005, red), Gilli, Comastri & Hasinger (2007, blue)

and Fiore et al. (2012, green) luminosity functions.
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Figure 5.22: Volume density of 24 pum selected Compton-thick AGN as a function of 2—10

keV X-ray luminosity. Black filled circles show the measurements described in this work.

The dashed lines show the expectations from La Franca et al. (2005, red) and Fiore et al.

(2012, z > 3, green) luminosity functions.

In each Lsg — 2z bin, we evaluated the space density of the 24 um sources

having X-ray count rates included in the selection ranges discussed in Section
5.4.1 by applying the 1/Vj.x method from Schmidt (1968, see Section 3.3)
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and corrected this value for the corresponding fraction of Compton-thick
AGN constrained in Section 5.4.3. To obtain the total Compton-thick AGN
densities, the contribution due to the X-ray detected Compton-thick AGN
from Brightman & Ueda (2012), as discussed in Section 5.3, was added to
the GOODS data.

In COSMOS we did not include any contribution from X-ray detected sources.
As stated in Section 5.3, we found only a few sources per bin that are com-
patible with Compton-thick AGN emission. This contribution is negligible
if compared to the contribution due to the undetected sources (see Table
5.2); therefore, we decided to ignore it. Our results are reported in Table 5.2
(column 8 and 9).

In Figure 5.21 the densities of Compton-thick AGN as a function of redshift
are shown and compared with previous results from Fiore et al. (2009) and
Treister et al. (2010), as well as with the model expectations from La Franca
et al. (2005), Gilli, Comastri & Hasinger (2007), Fiore et al. (2012); the
same measures as a function of the X-ray luminosity are presented in Figure
5.22. While at high luminosities our results are in fairly good agreement with
previous luminosity function measures, for Ly < 10* erg s7' the Compton-
thick densities result to be considerably higher, up to a factor of ~ 10 at

Lx ~ 10% erg s7!, than earlier reported.

5.6 AGN fraction in 24 ym samples

The measure of the Compton-thick AGN fraction that we carried out in
Section 5.4.3 allowed us to evaluate the fraction of AGN to the 24 pum selected
galaxy sample.

The fractions of highly obscured AGN, fytack (measured in Section 5.4.3), were
limited to the X-ray count rate ranges defined in Section 5.4.1. Therefore,

we computed the fraction of highly obscured AGN to the total 24 um sample
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Figure 5.23: Fraction of Compton-thick AGN to the total 24 pum sources in each Lsg — z
bin. See Section 5.6 for details.

using the following formula:

Jstack Nstack
fer = TNy, (5.5)
where Ngiaor and Noy represent the number of stacked and total 24 pm
sources, respectively. The result of this computation is shown in Figure
5.23 as a function of redshift.
The luminosity function from La Franca et al. (2005) has then been assumed
to compute, in each Lsg — z bin, the expected number Nyr of unobscured

and mildly obscured AGN. This contribution has been used, in each bin, to
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Figure 5.24: Fraction of AGN (unobscured, Compton-thin and Compton-thick) to the

total 24 pum sources in each L g — z bin. See Section 5.6 for details.

derive the fraction of AGN to the total 24 ym sample:

fstack Nstack + NLF
Ny

The final result is presented in Figure 5.24.

faen = (5.6)

5.7 AGN duty cycle

The knowledge the fraction of Compton-thick AGN to the whole 24 um

source population, along with previous estimation of the luminosity function



124 Chapter 5. The obscured Black Holes growth phase

/

E T T IIIII|
I L
0.1

e

g

1 5 4 ¢
Y . & \
Zg0.0l :—\\\\\\\\\\\\\\\\\\ 43.3<L,<43.7 —\::—\\\\\\\\\\\\\\\\ 43.7<L,<43.9 \i:
g 1 E— H—é:::::::} | I——I—I—k
5 249 T 4"
: . i\\\\\\\\\ %
e \\\\\\\\\\\\\\\\\\\\\\\\\ | ; '
$ o 4 |
0.01 —\\\\\\\\\\\\\\\\\ 43.9<L,<44.3 \l_§\\\\\\\\\ 44.3<1,<44.9 —

redshift

Figure 5.25: AGN duty cycle as a function of redshift. Shaded areas represent the ex-
pectations from Fiore et al. (2012) for log M, = 11.75 Mg (green) and 11.25 Mg (red).
Filled squares and triangles respectively show the results from Brusa et al. (2009b), for

X-ray selected AGN only, having the same stellar masses and Lx > 10%3 erg s~ .
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of unabsorbed and Compton-thin AGN, can be used to evaluate the AGN
duty cycle, that represents the fraction of galaxies undergoing nuclear activity
to the total number of galaxies having the same mass.

We adopted for the AGN duty cycle the same definition from Fiore et al.
(2012), which defined the duty cycle as the fraction of AGN with 2 — 10 keV
luminosity Ly > 10%* erg s7! to the total number of galaxies having the
same stellar mass. It should be noted that, according to this definition, the
AGN duty cycle and the AGN timescale can be different, since the latter is
related to the intrinsic lifetime of the AGN and so may include phases of
lower luminosity.

To evaluate the AGN duty cycle, we computed in each Lsg — z bin the
contributions from Compton-thick AGN and from unobscured and mildly
obscured AGN. The contribution from Compton-thick AGN has been ob-
tained by correcting the number of 24 um sources in each bin for the fraction
of Compton-thick AGN derived in Section 5.6; it should be noted that, if
we assume Equation 5.2 to convert 5.8 pm luminosities into X-ray luminosi-
ties, all the 24 pum sources in our sample have X-ray luminosity greater than
10* erg s7!. In order to compute the contribution from unobscured and
Compton-thin AGN, we have integrated in each Lsg — z bin the X-ray LF
from La Franca et al. (2005) for Lx > 10% erg s™!, according to our definition
of the AGN duty cycle:

dd(Ly, 2)

Nunobsc+C7thin = / leg LX

dV(z)dlog Lx. (5.7)

Figure 5.25 shows our results, and the comparison with the estimates from
Fiore et al. (2012) for two specific stellar mass bins for AGN. These esti-
mates are derived from the X-ray luminosity function, by: a) converting
them into "active” SMBH mass function, using Monte Carlo simulations and
assuming a bolometric correction factor (e.g. Marconi et al. 2004) and a dis-

tribution of Eddington ratios; b) transforming these SMBH mass functions
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into galaxy mass functions of active galaxies, assuming a conversion factor
between SMBH mass and host galaxy mass (see e.g. Haring & Rix 2004); ¢)
dividing the active galaxy mass functions by the galaxy stellar mass func-
tions.

We found, for the AGN duty cycle, an almost constant value (around ~ 30%)
in the redshift range 2 = 1 — 3. A similar result has been found by Brusa et
al. (2009b), which observed that the AGN fraction increases with increasing
stellar mass from values smaller than 1% for M, ~ 100 Mg up to ~ 30% for
M, > 3 x 10" M,

The measure of the AGN duty cycle as a function of redshift is a useful
tool to discriminate among different AGN triggering mechanisms. Two main
scenarios have been proposed so far: galaxy mergers (see e.g. Barnes & Hern-
quist 1996; Menci et al. 2008) and recycled gas from normal stellar evolution
in the inner regions (Ciotti & Ostriker 2007; Ciotti, Ostriker & Proga 2010).
Different predictions on the AGN duty cycle arise from these models: in the
galaxy encounters scenario, a strong increase of the duty cycle with redshift
is expected, since these events are more frequent in the past, when, at the
same time, more gas is available for nuclear accretion. On the other side,
in the recycled star gas scenario the AGN timescale is much longer, and a

slower variation of the duty cycle with redshift is thus expected.

5.8 Accretion history in the universe

The measure of the volume density of Compton-thick AGN that we discussed
in Section 5.5 directly constrains the contribution of highly obscured AGN
to the cosmological history of accretion of supermassive black holes in the
galactic centers. Again, by adding the contribution of unobscured and mod-
erately obscured sources, it is possible to estimate the total mass accreted

by the whole AGN population up to present day.
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In Section 2.7 we have discussed how the local (relic) density of SMBH should
be accounted for by integrating the overall density released by AGN. To per-
form this computation we must assume a radiative efficiency ¢ and a bolo-
metric correction factor to convert the 2—10 keV luminosities into bolometric

luminosities:

Lbol - Kbol(LX)LX- (58)

We assumed a typical value of € = 0.1 (see Marconi et al. 2004; Vasude-
van & Fabian 2009) for the radiative efficiency, and adopted the luminosity-

dependent bolometric correction from Marconi et al. (2004):

Kot (Lag) = 33.698+23.948 L4+ 10.542L2, +3.567L3, +0.918 L%, +0.110L3,,
(5.9)

where
Lx

Tt (5.10)

Ly = log

Under these assumption, we can integrate Equation 2.21, assuming that the
initial mass of seed black hole at redshift z; is negligible, and compute the
total accreted black hole mass due to Compton-thick AGN in our 24 pm se-
lected sample. This quantity corresponds to a black hole mass density in the
local universe of ppy ot = 1.28 X 10° M, Mpc™2. This density is related only
to Compton-thick AGN having 5.8 um luminosities and redshifts included in
the Lsg — z grid that has been used in our analysis. To compute the total
accreted local black hole mass density, the contribution from unobscured and
mildly obscured AGN, as well as the contribution from Compton-thick AGN
that lie outside the grid, must be accounted for. For all these populations,
number densities from La Franca et al. (2005) LF have been used. Once
these contributions have been included, we obtain a total accreted black hole

mass density of

peH = 3.55 x 10° Mg Mpc™®. (5.11)
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The BH density in Equation 5.11 is consistent with previous estimations
obtained from Mpy—bulge relations, that lie in the range ppy = (4.2—5.1) x
10° Mg, Mpc™, and with the prediction of recent evolutionary models (see
Merritt & Ferrarese 2001; Fukugita & Peebles 2004; Marconi et al. 2004;
Graham 2007).

5.9 Discussion and conclusions

We have measured the space density of Compton-thick AGN in several Lsg—z
bins by correcting the density of 24 pum selected sources in each bin with the
corresponding fraction of Compton-thick AGN to the total 24 um population.
As shown in Figure 5.22, we found a strong increase with decreasing X-ray
luminosity in the space density of highly obscured sources. This trend has
been observed by several authors (Ueda et al. 2003; La Franca et al. 2005)
in the evolution of the moderately obscured AGN population. While at
2 — 10 keV luminosities higher than 10* erg s~! our measures are in fair
agreement with luminosity function models expectations (La Franca et al.
2005), around ~ 10% erg s~ we have the first observational evidence that the
number density of Compton-thick AGN is considerably higher than previous
luminosity function expectations.

This result does not depend on the particular choice of the Ny distribution:
choosing a different Ny distribution could modify the expected number of
Compton-thick AGN at a given X-ray count rate value, but the lower limit
of the count rate range where the Compton-thick sources are expected to be
found (as discussed in Section 5.4.1) remains the same. Moreover, we have
verified that below these lower limits the sources in our sample are mostly
star forming galaxies, as discussed in Section 5.4.3.

Several observational evidences and theoretical model predictions suggest

the existence of such a population of obscured sources. A significant fraction
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of Compton-thick sources above z > 1.5 is required to fit the peak of the
CXRB around ~ 30 keV (Gilli, Comastri & Hasinger 2007). In the galaxy
formation model by Menci et al. (2008), at z > 2, the predicted density of low-
luminosity (Lx < 10% erg s7') AGN is a factor of 2 above the observation,
thus suggesting the existence of a relevant fraction of Compton-thick sources

in these redshift and luminosity intervals.

Several recent works have been focusing on the search of highly obscured
AGN in deep X-ray surveys (like the CDFS and C-COSMOS). In most cases,
the authors selected samples of Compton-thick candidates using mid infrared
to optical colors. Fiore et al. (2009) estimated that the space density of
Compton-thick AGN is 4.8 x 107% Mpc ™ for z = 1.2 — 2.2 and log Ly =
44 — 45, and 3.7 x 107° Mpc™® for z = 0.7 — 1.2 and log Lx = 43.5 — 44.
3. Their analysis was performed with a brighter 24 pum sample selection (a
factor of 7 higher than this work). They found slightly higher densities in the
high luminosity bin, while for the low luminosity bin their measure cannot be
directly compared with ours, due to the different redshift ranges. Treister et
al. (2010) found a significant number of Compton-thick sources with X-ray

Lat z > 2.5, followed by a decline of a factor

luminosities above 10* erg s~
of 3 up to z ~ 1.5. In the log Ly = 43.9 — 44.3 bin, which can be used
for a comparison, we found a higher density of highly obscured sources than
Treister et al. (2010), and a less strong decline (a factor of ~ 2) at lower
redshifts.

Alexander et al. (2011) estimated the space density of Ly > 10% erg s7!,

z = 1.4 — 2.6 highly obscured sources in the CDFS, selected using the BzK
technique. We cannot directly compare our measures with their estimations,
because in the same redshift bin we can only select brighter sources. However,
we note that the Alexander et al. (2011) estimate is in good agreement with
the luminosity function model predictions from La Franca et al. (2005) and

Gilli, Comastri & Hasinger (2007), while our results are significantly higher
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Figure 5.26: Radiative (green) and kinetic (red) power density of AGN as a function of

redshift (see Figure 4.11). The dashed lines show the resulting power when the densities

of Compton-thick AGN are corrected to reproduce the estimations discussed in Section

5.0.

below z = 1; the authors pointed out that their estimation should be regarded

only as a lower limit of the true Compton-thick density, since their sample

do not include distant sources not selected using the BzK technique.
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In Chapter 4 we have computed the 1.4 GHz luminosity function of AGN by
convolving the 2 — 10 keV luminosity function with the previously derived
probability distribution function of the ratio between 1.4 GHz and X-ray
luminosities. This 1.4 GHz luminosity function has then been convolved
with a relation between kinetic and radio luminosities in order to derive the
kinetic power density output of AGN.

We can now correct our previous estimation (see Section 4.3 and Figure 4.11)
by including in Equations 4.11 and 4.12 the contribution from Compton-thick
undetected sources as measured in Section 5.5. We have first corrected, in
each bin, the expected density of Compton-thick AGN in order to match
the results of our measures. We have increased the luminosity function ex-
pectations by a factor of 10 in the range between log Ly = 43.3 — 43.7 and
z = 1.0 — 2.1 and between log Ly = 43.7.43.9 and z = 2.1 — 2.6 and by a
factor of 5 in the range between log Lx = 43.7 — 43.9 and z = 1.0 — 2.1 and
between log Ly = 43.9 — 44.3 and z = 2.1 — 2.6. The resulting radiative
and kinetic power densities are shown in Figure 5.26. After applying this
correction, we found that the radiative power density increases by a factor
of 1.5, while the kinetic power density is only ~ 20% higher in the redshift
range z = 1 — 3.

We have then derived an upper limit on both Q,(z) and Qpq(z) by in-
creasing the luminosity function expectation for Compton-thick AGN (Ny =

0* erg s7! and in

10%* — 10% c¢m™?) with intrinsic X-ray luminosities below 1
the redshift range z = 1 — 3 by a factor of 10. In this scenario, the resulting
power densities could be (at most) a factor of ~ 3 higher.

In summary, our new measures of an higher density of Compton-thick AGN
do not change significantly the conclusions derived by our previous work on

the radio/kinetic power density and feedback from AGN.






Chapter 6
Concluding remarks

Feedback from black holes is believed to play a key role in the context of the
galaxy formation and evolution. Therefore, completing the census of accret-
ing black holes during cosmic time represents a major challenge for modern
astrophysics. While X-ray surveys are able to detect sources not affected by
strong absorption, Compton-thick AGN are usually missed, although these
sources are believed to represent a significant fraction of the whole AGN
population.

In Chapter 5 we have measured the space density of Compton-thick AGN in
24 pm selected samples from COSMOS and GOODS, where deep Chandra
observations exist, using the latest data releases available. We have used a
new selection criterion, taking advantage of luminosity function model pre-
dictions, in order to select a population of Compton-thick candidates, which
have been confirmed through X-ray spectral analysis of stacked data. Our

measures show that:

e at high luminosities (Lx > 10 erg s=!) the Compton-thick AGN den-

sities are compatible with previous luminosity functions estimations;

e at low luminosities (Lx ~ 10% erg s™!) are significantly higher than
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the luminosity function estimations, as required by several galaxy for-

mation models and CXRB synthesis models;

e we found that the Compton-thick AGN density increases with decreas-

ing luminosity, in a similar way to the moderately obscured AGN;

e our predicted local density of relic BH, due to obscured and unob-
scured accretion, is consistent with the estimations derived from the

local scaling relations and with the model predictions.

Some models predict that the same cold gas that fuels black hole accretion
and star formation is responsible of AGN obscuration. In this scenario, the
more powerful AGN clean their line of sight more quickly than low luminosity
AGN; therefore, the fraction of obscured AGN should increase for decreas-
ing luminosity, as observed in Compton-thin sources, in agreement with our
findings.

In addition of obtaining a complete census of accreting black holes, the quan-
tification of the AGN feedback on their host galaxies is another fundamental
ingredient in order to fully understand the cosmological evolution of galaxies.
In this context, the measure of the probability distribution of the ratio Rx
between radio and X-ray luminosities is required for a correct estimation of
the radio feedback of AGN.

As discussed in Chapter 4, we used a sample of more than 1600 X-ray selected
AGN observed at 1.4 GHz to measure the probability distribution function
P(Rx|Lx, z) as a function of the X-ray luminosity and redshift. The knowl-
edge of the P(Rx|Lx, z) distribution is necessary to estimate the AGN ki-
netic (radio) feedback into the hosting galaxies by allowing to couple it with
the luminous, accreting, phases of the AGN activity. The average value of
Ry increases with decreasing X-ray luminosities and (possibly) increasing
redshift. At variance, we did not find a statistical significant difference be-

tween the radio properties of the X-ray absorbed (Ngy > 102 cm™?) and
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unabsorbed AGN.

We were able to better measure the densities of the more radio quiet (Rx <
—4) AGN which resulted to be responsible of about half of the derived kinetic
power density.

According to our analysis the value of the kinetic energy density is in quali-
tative agreement with the last generation galaxy evolution scenarios, where
radio mode AGN feedback is invoked to quench the star formation in galax-
ies and slow down the cooling flows in galaxy clusters. However at redshifts
below 0.5, similarly to what observed by Koérding, Jester & Fender (2008),
we found a sharp (about a factor of five) decrease of the kinetic energy den-
sity, which is strictly related the AGN density evolution, but which is not
included in many of the galaxy/AGN formation and evolution models where,
instead, the radio mode feedback is assumed to continuously increase (or only
smoothly decrease) at low redshift.

We have also verified that our findings on a higher density of low luminosity
Compton-thick AGN with respect to luminosity function expectations do not
change significantly the conclusions derived by this work.

The topics discussed in this Ph.D. thesis have been the subject of the follow-

ing papers:

e La Franca, F., Melini, G., & Fiore, F., ” Tools for computing the AGN
feedback: radio-loudness distribution and the kinetic luminosity func-
tion” 2010, AJ, 718, 368;

e Bonchi, A., La Franca, F., Melini, G., Bongiorno, A., & Fiore, F., ” On
the AGN radio luminosity distribution and the black hole fundamental
plane” 2013, MNRAS, in press (arXiv:1211.2688);

e Melini, G., Fiore, F., La Franca, F., et al. 2013, close to submission to
A&A.
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The same topics have been presented, either as invited talks, contributed

talks or posters, in several workshops and conferences.
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Appendix A

The BH Fundamental Plane

The radio data set presented in Section 3.4 has been used to extend the results
presented in Chapter 4 to a determination of the BH fundamental plane (see
Merloni, Heinz & Di Matteo 2003). This work has been performed by Andrea
Bonchi during his Master Degree Thesis; my contribution on it was mainly
on the data set issues. In this Appendix the paper concerning the topics

discussed in this work is presented.
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1 INTRODUCTION

ABSTRACT

We have studied the dependence of the nuclear radio (1.4 GHz) luminosity of active galactic
nuclei (AGN) on both 2-10 keV X-ray and host-galaxy K-band luminosities. A complete
sample of 1268 X-ray-selected AGN (both type 1 and type 2) has been used, which is the
largest catalogue of AGN belonging to statistically well-defined samples where radio, X-ray
and K-band information exists. At variance with previous studies, radio upper limits have
been taken into account statistically using a Bayesian maximum-likelihood fitting method. A
good fit is obtained assuming a plane in 3D Lg—Lx—Lg space, namely log Lg = &Ex log Lx +
ExlogLg + &¢, with a ~1 dex wide (1o) spread in radio luminosity. As already shown by
La Franca, Melini & Fiore, no evidence of bimodality in the radio luminosity distribution
was found and therefore any definition of radio-loudness in AGN is arbitrary. Using scaling
relations between the black hole (BH) mass and the host galaxy K-band luminosity, we have
also derived a new estimate of the BH fundamental plane (in Lsgy,—Lx—Mpu space). Our
analysis shows that previous measures of the BH fundamental plane are biased by ~0.8 dex
in favour of the most luminous radio sources. Therefore, many AGN studies, where the BH
fundamental plane is used to investigate how AGN regulate their radiative and mechanical
luminosity as a function of the accretion rate, and many AGN/galaxy co-evolution models,
where radio feedback is computed using the AGN fundamental plane, should revise their
conclusions.

Key words: methods: statistical — galaxies: active—radio continuum: galaxies—X-rays:
galaxies.

Kording, Jester & Fender 2008; Merloni & Heinz 2008; Shankar
et al. 2008; Cattaneo & Best 2009; Smolci¢ et al. 2009; La Franca

In recent years, in many galaxy formation models active galactic
nuclei (AGN) are considered to be related to mechanisms capable
of switching off star formation in the most massive galaxies, thus
reproducing both the observed shape of the galaxy luminosity func-
tion and the red, early-type, passive evolving nature of local massive
galaxies. It is expected that AGN and galaxy evolution are closely
connected to each other (AGN/galaxy co-evolution) through feed-
back processes coupling both star formation and black hole (BH)
accretion-rate histories. Some of these models assume that the AGN
feedback into the host galaxy is due to the kinetic energy released
by the radio jets and is, therefore, dependent on the AGN radio
luminosity (Cattaneo et al. 2006; Croton et al. 2006; Marulli et al.
2008). Indeed, it has already been demonstrated that conversion
of the AGN radio luminosity function into a kinetic luminosity
function provides an adequate amount of energy (Best et al. 2006;

* E-mail: lafranca @fis.uniroma3.it

© 2013 The Authors

et al. 2010).

In this context, in order to build up more realistic AGN/galaxy co-
evolutionary models, it is very useful to measure the dependence of
the AGN core radio luminosity on other physical quantities related
to AGN/galaxy evolutionary status, such as the BH and galaxy star
masses and their time derivatives: accretion and star formation rates.
These quantities can be measured either directly or indirectly.

A good estimate of galaxy star masses can be obtained by spectral
energy distribution (SED) analyses in the optical and near-infrared
(NIR) domains (see e.g. Merloni et al. 2010; Pozzi et al. 2012) or,
still satisfactorily, from NIR (e.g. K-band) luminosity measures, as
the mass-to-light ratio in the K band has a 1o scatter of 0.1 dex
(Madau, Pozzetti & Dickinson 1998; Bell et al. 2003).

BH masses can be estimated using reverberation mapping tech-
niques or measuring the width of broad emission lines observed
in optical and NIR spectra (the single-epoch method: see e.g.
Vestergaard 2002). Less direct estimates are obtained using the
scaling relations observed between the BH mass and the bulge or

Published by Oxford University Press on behalf of the Royal Astronomical Society
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spheroid mass or between the BH mass and the bulge luminosity of
the host galaxies (e.g. Dressler 1989; Kormendy & McClure 1993;
Kormendy & Richstone 1995; Magorrian et al. 1998). In this frame-
work even the total host galaxy K-band luminosity, if converted into
the bulge luminosity, can be used as a good proxy of the BH mass
(see e.g. Fiore et al. 2012).

The accretion rate, ri, is related to the AGN hard (>2 keV) X-ray
luminosity, Lx, via knowledge of the X-ray bolometric correction,
Kx, and the efficiency, €, of conversion of mass accretion into
radiation:

Ly enmc?
Lx = =, (D
Kx (1—e)Kx

where Ly, is the bolometric luminosity and typical values for € are
about 0.1 (Marconi et al. 2004; Vasudevan & Fabian 2009).

The AGN radio luminosity distribution and its relationship to
either the optical or X-ray luminosity have been studied by many
authors. Some of these studies discussed the AGN radio luminosity
in terms of a bimodal distribution where two separate populations
of radio-loud and radio-quiet objects exist (e.g. Kellermann et al.
1989; Miller, Peacock & Mead 1990). Many other studies have
alternatively measured a relationship between the radio and X-ray
luminosities (e.g. Brinkmann et al. 2000; Terashima & Wilson 2003;
Panessaetal. 2007; Bianchi et al. 2009; Singal et al. 2011). However,
almost all these studies are based on incomplete samples due to the
lack of deep radio observations. AGN samples selected in other
bands (typically optical or X-ray) are therefore not fully detected in
the radio band.

However, in order to study the AGN radio luminosity properties
and their relation to X-ray and optical luminosities properly, it is
necessary to use fully (or almost) radio-detected and complete AGN
samples and, when needed, to take the radio upper limits properly
into account. More recently, using deep radio observations, it has
been shown that both AGN radio/optical and radio/X-ray luminosity
ratios span more than five decades continuously (Best et al. 2005; La
Francaetal. 2010; Singal et al. 2011; Balokovic et al. 2012), without
evidence of bimodal distributions, and it is therefore inaccurate
to deal with the AGN radio properties in terms of two separate
populations of radio-loud and radio-quiet objects. La Franca et al.
(2010) used a sample of about 1600 hard X-ray (mostly 2—-10 keV)
selected AGN to measure (also taking into account the presence of
censored radio data) the probability distribution function (PDF) of
the ratio between the nuclear radio (1.4 GHz) and X-ray luminosity
Rx =log[v L, (1.4 GHz)/Lx(2-10 keV)] (see Terashima & Wilson
2003, for a discussion on the difference between the radio-to-optical
and radio-to-X-ray ratio distributions in AGN). The probability
distribution function of Rx was functionally fitted as dependent on
the X-ray luminosity and redshift, P(Rx|Lx, z). Measurement of
the probability distribution function of Rx eventually allowed us
to compute the AGN kinetic luminosity function and the kinetic
energy density.

In this paper, using the same sample and a similar method to
that used by La Franca et al. (2010), we describe the measure of
dependence of the AGN radio core luminosity distribution, Lg,
on both the X-ray (2-10 keV) luminosity Lx and the host galaxy
(AGN-subtracted) K-band luminosity Lg. This measurement, in the
context of the AGN/galaxy co-evolution scenario (see the discussion
above), is vey useful in order to relate the kinetic (radio) feedback
to the accretion rate (Lx) and the galaxy assembled star mass (Lg).
In order to take the presence of censored data in the radio band
accurately into account, an ad hoc Bayesian maximum likelihood

(ML) method and a three-dimensional Kolmogorov—Smirnov (KS)
test have been developed.

Many authors have observed the existence of an analogous rela-
tionship between the radio luminosity, X-ray luminosity and black
hole mass (M), the BH fundamental plane: namely, loglg =
ErxlogLlx + &ErmlogM + constant (see Merloni, Heinz & di
Matteo 2003; Falcke, Kording & Markoff 2004; Giiltekin et al.
2009a). The measurement of such a relation is very useful in order
to discriminate between several theoretical models of jet production
in AGN, as it suggests that BH regulate their radiative and mechan-
ical luminosity in the same way at any given accretion rate scaled
to the Eddington one (Falcke & Biermann 1995; Heinz & Sunyaev
2003; Churazov et al. 2005; Laor & Behar 2008).

As relations have been observed between the BH mass and the
K-band bulge luminosity (see discussion above), in Section 6 we
convert our measure of the relation in log Lg—log Lx—log L space
into a relation in log Lr—log Lx—log M space and discuss how im-
portant it is to take the presence of radio upper limits properly into
account in order to measure the BH fundamental plane.

Unless otherwise stated, all quoted errors are at the 68 per cent
confidence level. We assume Hy = 70 km s~! Mpc™!, ,, = 0.3
and Q4 =0.7.

2 THE DATA

In our analysis we used the same data set used by La Franca et al.
(2010), where radio (1.4-GHz) observations (either detections or
upper limits) were collected for 1641 AGN (both type 1 (AGN1) and
type 2 (AGN2), i.e. showing or not showing the broad-line region
in their optical spectra) belonging to complete (i.e. with almost all
redshift and Ny measures available) hard X-ray (>2 keV; mostly
2-10 keV) selected AGN samples,' with unabsorbed 2-10 keV
luminosities larger than 10*? erg s—'.

As the goal was to use the radio luminosity in order to estimate the
kinetic luminosity, La Franca et al. (2010) measured radio emission
that was, as much as possible, causally linked (contemporary) to the
observed X-ray activity (accretion). Radio fluxes were measured in
a region as close as possible to the AGN, therefore minimizing the
contribution of objects like the radio lobes in Fanaroff—Riley type
IT (FR II) sources (Fanaroff & Riley 1974). For this reason they
built up a large data set of X-ray-selected AGN (where redshift and
Ny column densities estimates were available) observed at 1.4 GHz
with ~1 arcsec typical spatial resolution (1 arcsec corresponds,
at maximum, to about 8 kpc at z ~ 2). The cross-correlation of
the X-ray and radio catalogues was carried out inside a region
with 5 arcsec radius (approximately less than or equal to the size
of the central part of a galaxy like ours), following a maximum-
likelihood algorithm as described by Sutherland & Saunders (1992)
and Ciliegi et al. (2003). The offsets between the X-ray and radio
positions of the whole sample resulted in a root-mean-square (rms)
of 1.4 arcsec (similar to the typical values obtained in X-ray to
optical cross-correlations, e.g. Cocchia et al. 2007).

In order to measure the K-band galaxy luminosity, the 1641 AGN
from La Franca et al. (2010) have been cross-correlated with already
existing K-band photometric catalogues, as explained below.

! Throughout this work we assumed that all the X-ray sources with 2—10keV
unabsorbed luminosities larger than 10*? erg s~! are AGN. See e.g. Ranalli,
Comastri & Setti (2003) for a study of the typical X-ray luminosities of
star-forming galaxies.
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2.1 The local sample: SWIFT and Grossan

At the lowest redshift we have used a sample of 33 AGN belong-
ing to the 22-month SWIFT catalogue (Tueller et al. 2008). These
AGN have been detected at high galactic latitude (|p| > 15°) in the
14-195 keV band with fluxes brighter than 10~!! erg s~! em~2; all
objects have Ny column density and optical spectroscopic classi-
fication available. The radio luminosity at 1.4 GHz has been de-
rived using the Faint Image of the Radio Sky at Twenty Centimetres
(FIRST) Very Large Array (VLA) survey (Becker, White & Helfand
1995). In the case of no radio detection, a 5o upper limit of 0.75 mJy
was adopted. The correlation between catalogues was made through
the likelihood-ratio technique (Sutherland & Saunders 1992; Ciliegi
et al. 2003). K5 magnitudes have been associated with the sources
using the Two-Micron All-Sky Survey (2MASS) catalogue, which
has a ~14.3 mag completeness limiting magnitude (Skrutskie et al.
2006). Cross-correlation with the K-band data has been carried out
by comparing the positions of the the 2MASS sources on the K-band
image of the AGN counterpart.

To enlarge the local sample, La Franca et al. (2010) used the hard
X-ray selected AGN catalogue detected by the High-Energy Astron-
omy Observatory 1 (HEAO-1) mission (2—10 keV fluxes brighter
than 2 x 107! erg s~' cm~?) described by Grossan (1992) and re-
vised by Brusadin (2003). As for the SWIFT sample, these sources
have been cross-correlated with the FIRST and 2MASS radio and
K-band catalogues, respectively.

In summary, the local sample contains 43 X-ray sources, all with
K band detection.

2.2 Hard Bright Sensitivity Survey

We have used the 32 AGN selected by the Hard Bright Sensitivity
Survey (HBSS) of the XMM—-Newton satellite, carried out at 4.5—
7.5 keV fluxes brighter than 7 x 10~'* erg s! cm™2 (Della Ceca
et al. 2008). Ky detections and upper limits were obtained for 19
and 13 sources, respectively, from the 2MASS catalogue. The cross-
correlation was carried out using the same technique used for the
local sample. Those sources missing a Ky detection were eventually
excluded from the analysis.

2.3 The ASCA surveys: AMSS and ALSS

Two samples come from observations of the Advanced Satellite for
Cosmology and Astrophysics (ASCA) satellite: the ASCA Medium
Sensitivity Survey (AMSS: Akiyama et al. 2003), which is com-
posed of 43 AGN, and the ASCA Large-Sky Survey (LASS: Ueda
et al. 1999), which is composed of 30 AGN. For both of these cat-
alogues we used the K photometric measures by Watanabe et al.
(2004). Only one source (belonging to the AMSS) is missing a
K detection.

2.4 COSMOS

The largest sample used in this work comes from X-ray observa-
tions of the field of the Cosmic Evolution Survey (COSMOS). The
catalogue by Cappelluti et al. (2009) of XMM-Newton sources with
2-10 keV fluxes brighter than ~3 x 1075 erg s~' cm~2 was used.
K-band magnitudes for 648 out of 677 sources were taken from
Brusa et al. (2010, and private communication).

AGN radio luminosity distribution 3

2.5 Chandra Lockman Area North Survey

K-band photometry for 125 out of 139 AGN belonging to the Chan-
dra Lockman Area North Survey (CLANS) were obtained from
Trouille et al. (2008). The radio data come from Owen & Morrison
(2008).

2.6 European Large Area ISO Survey

In the field S1 of the European Large Area ISO Survey (ELAIS-
S1) we used the catalogue of X-ray sources detected using XMM—
Newton by Puccetti et al. (2006), which reaches a2—10keV flux limit
of 2 x 107 erg s~! cm™2. Radio data were taken from Middelberg
et al. (2008), while spectroscopic and photometric identifications
were taken from La Franca et al. (2004), Berta et al. (2006), Feruglio
et al. (2008) and Sacchi et al. (2009). In Feruglio et al. (2008), Ky
detections for 363 objects out of the 421 sources used by La Franca
et al. (2010) are available.

2.7 Deep samples: Chandra Deep Field South and North

The deepest X-ray catalogues used in this work are those available in
the Chandra Deep Field South (CDFS) and North (CDFN). These
are subsamples of the Great Observatories Origins Deep Survey
(GOODS) GOOD-S and GOOD-N multi-wavelength surveys with
2-10 keV flux limits of 2.6 x 107'% erg s™! cm™2 and 1.4 x
10716 erg s~! cm™2, respectively.

In the CDFS we used 94 sources from the catalogue of Alexander
et al. (2003) and identified by Brusa et al. (2010). These sources
were correlated with radio data taken from Miller et al. (2008). K-
band photometry was obtained using the deepest multi-wavelength
catalogue (FIREWORKS) provided by Wuyts et al. (2008), which
reaches Ky >~ 22.5 mag. The Ks-band catalogue was cross-correlated
with the optical catalogue using the likelihood-ratio technique. K-
band counterparts for 86 out of 94 sources were found.

In the CDEN we used the X-ray catalogue from Alexander et al.
(2003) with the identifications from Trouille et al. (2008). The
sample consists of 162 extragalactic sources for which radio infor-
mation was obtained from Biggs & Ivison (2006). Trouille et al.
(2008) provided Ks-band detections for all but one of the sources.

In Table 1 the breakdown of all samples used is reported. Col-
umn 1 lists the original number N of sources contained in the sam-
ples used by La Franca et al. (2010), while column 2 lists the number
of sources Nx having a K-band detection.

Table 1. Sample breakdown.

Sample N Nk Nk - L Ngr
(1) 2 (3) 4)
La Francaet al. (2010) K detected K glx lum Radio det

SWIFT 33 33 21 19
Grossan 10 10 0 0
HBSS 32 19 17 4
ALSS 30 30 19 4
AMSS 43 42 19 4
COSMOS 677 648 575 121
CLANS 139 125 91 52
ELAIS 421 363 283 37
CDF-S 94 86 85 12
CDF-N 162 161 158 40
Total 1641 1517 1268 293
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3 K-BAND AGN AND GALAXY LUMINOSITIES

The K-band absolute magnitudes, M, have been computed by ap-
plying an empirical K-correction. We used the formula

Mg =mg +5 —5logd(z) +2.5(1 + «)log(l + z), 2)

where d)(z) is the luminosity distance and the K-correction is rep-
resented by the o parameter. We used o« = —0.86 after comparison
of our data with the COSMOS catalogue, where absolute K-band
magnitudes have been accurately computed through SED fitting
techniques (Bongiorno et al. 2012, and references therein).

In order to estimate the host galaxy K-band luminosities (i.e.
the stellar component), we subtracted the AGN contribution from
the measured total luminosities. For this purpose we used the nu-
clear (AGN-only) infrared SEDs, normalized to the hard X-ray (2—
10 keV) intrinsic luminosity and averaged within bins of absorbing
Ny as published by Silva, Maiolino & Granato (2004). These AGN
SEDs were obtained through interpolation, using updated models
from Granato & Danese (1994), of the nuclear infrared data of
AGN taken from the Maiolino & Rieke (1995) sample. The accu-
racy of our method has been tested by comparing our estimates
with those obtained by Merloni et al. (2010) and Bongiorno et al.
(2012) for the COSMOS catalogue using SED decomposition fit-
ting techniques. As shown in Fig. 1, our estimates, although less
accurate, are in good agreement with those obtained by Merloni
et al. (2010) and Bongiorno et al. (2012). The average difference
that results is log Lx (COSMOS)—log L (us) = —0.07(0.05) dex,
with a 1o spread of 0.30 (0.18) dex for AGN1 (AGN2).

In some cases we obtained that the expected AGN K-band lumi-
nosity was very close to (or even larger than) the total measured
(AGN + host galaxy) luminosity. With the SED decomposition fit-
ting techniques used by Merloni et al. (2010) and Bongiorno et al.
(2012), no object could have an AGN luminosity larger than the total
one (see also Pozzi et al. 2007, 2012). Bongiorno et al. (2012) con-
servatively decided that if the galaxy component were smaller than

100

80 — —

60 - -

a0 [ / i
: T :

20 [ ﬁr -1 i

I [
-1 -0.5 0 0.5 1
log(L,(Bongiorno)/L,(us))

Figure 1. Histogram of the logarithmic differences between our estimates
of the K-band luminosities of host galaxies (after AGN component subtrac-
tion; see text) in the COSMOS sample and the SED fitting measures from
Bongiorno et al. (2012). AGN1 and AGN2 are shown by blue and red lines
in the online article, respectively.
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Figure 2. 2-10 keV de-absorbed luminosity, Lx, of the total sample as a
function of redshift.

10 per cent of the total one then only an upper limit, corresponding
to 10 per cent of the total luminosity, could be assigned. Following
this approach, we decided to adopt a more conservative assumption
and excluded from our analysis those 249 sources where the galaxy
component that resulted was smaller than 20 per cent of the total
one.?

In Table 1 we report in column 3 the number Nk _ g1, of sources
where it was possible to estimate the galaxy K-band luminosity.

4 THE WHOLE SAMPLE

In summary, our data set is composed of nine X-ray-selected AGN
samples that contain a total of 1268 sources for which we were able
to estimate the K-band stellar component luminosities of the host
galaxy, Lg. For all these AGN, column densities and de-absorbed
2-10 keV luminosities, Ly, are available. The radio data allowed us
to measure the ‘nuclear’ 1.4-GHz luminosity, Lg, for 293 sources
while for the remaining sources 5o radio upper limits (Table 1,
column 4) are available. In total, this is the largest catalogue of AGN
(both of type 1 and 2) belonging to statistically well-defined samples
where radio, X and K-band information exists. The distribution of
the whole AGN sample in the Lx—z plane is shown in Fig. 2, while
in Figs 3 and 4 we show the 3D Lx—Lx—Lg distribution, projected on
to the three 2D Lg—Lx, Lx—Lg and Lx—Lg planes, where Lk is shown
before (L") and after (Lg) the subtraction of the AGN component
in the K band, respectively.

5 THE PLANE FITTING

5.1 Maximum-likelihood fitting method

We have used a maximum-likelihood fitting technique with a
Bayesian approach in order to derive the probability distribution
function of the AGN radio luminosity, Lg, as a function of Ly and
the K-band stellar component luminosity, Lg, P(Lr|Lx, Lk). The

2 As described in Section 5, our 3D ML fitting method is able to deal with
upper limits on one physical quantity only (the radio luminosity in our
case). Therefore all sources where an upper limit on the K-band luminosity
was available were excluded from our analysis (this happened to all the 10
sources of the Grossan sample).
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Figure 3. Distribution of the sample in the 2D Lg—Lx, L'¢'~Lg and Lx—Lr
planes, where L'" is the total (galaxy + AGN) K-band luminosity. Squares
represent the radio-detected sources while sources with a radio upper limit

are shown by either grey arrows or grey squares (upper left panel).
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Figure 4. As in Fig. 3, with Lk representing the AGN-subtracted K-band
galaxy luminosity.

maximum-likelihood fitting method does not need to use binning
(e.g. as happens when using the x? fitting method) and therefore
the results do not depend on the arrangement of the binning pat-
tern. In the usual maximum-likelihood fitting of luminosity func-
tion distributions p(z, L) of extragalactic sources (e.g. Marshall
et al. 1983), the best-fitting solution is obtained by minimizing the
quantity S = —21n £ (where L is the likelihood and the S function
follows the x? statistic and therefore allows us to estimate the con-
fidence interval of the best-fitting parameters: Lampton, Margon &

AGN radio luminosity distribution 5

Bowyer 1976). The natural logarithm of the likelihood function is
computed as follows:
dv

L= Inlp(. L)l - / p(z. LAz, L)~ dL dz, 3)

- dz
where the sum is made over all i observed sources and 2(z, L)
is the sky coverage as a function of the luminosity L and redshift
z. The first term is proportional to the combined probability (of
independent events) of observing all i sources, each having redshift
z; and luminosity L;, while the second term corresponds to the total
number of expected sources in the sample and is, therefore, also
used to constrain the normalization of the luminosity function.

In our case we have devised a new S function to be minimized
which, following the same statistical principles as the maximum-
likelihood method, is able to measure the conditional probability
distribution function P(Lg|Lx, Lx) (Where f P(Lr|Lx, Lg)dLg = 1)
of observing a radio luminosity Ly in an object having Ly and Lg
luminosities. Our method has the advantage (in comparison with
other three-dimensional fitting techniques) of also being able to
take into account the occurrence of upper limits in one of the three
dimensions. Indeed, as already discussed, in all samples the radio
observations are not deep enough do detect all the sources (see
Table 1) and therefore upper limits need to be considered in order
to derive the true AGN radio luminosity distribution (see Plotkin
et al. 2012, for an analogous Bayesian approach to this topic). For
these reasons the natural logarithm of the likelihood function has
been computed as follows:

Int = Z In P(Lg,|Lx,, Lx,)

i

-y / P(Lg|Lyx,, L,)dLg. “

/ Lr>Liim

The first sum is computed for all i radio-detected sources and,
as in equation (3), is proportional to the combined probability of
observing the radio luminosities Lg, of all i detected sources, while
the second term is the sum of the probability of radio-detecting
each j observed (either radio-detected or not) AGN, with a radio
luminosity larger than its radio-detection limit Lum/. In this case,
analogously to the classical maximum-likelihood method (equat-
ion 3), this second term corresponds to the expected total number
of radio-detected sources.

5.2 The 3D Kolmogorov—Smirnov test

Although the maximum-likelihood technique is very powerful in
finding the parameters of the best-fitting solution and their uncer-
tainties, it does not allow us to quantify how good the solution is. We
have therefore devised a three-dimensional Kolmogorv—Smirnov
(3D-KS) test able to measure the probability of observing the 3D
distribution (in Lg—Lx—Lk space) of our sample of radio-detected
sources under the null hypothesis that the data are drawn from the
best-fitting model distribution.

The KS test is a standard statistical test for deciding whether
a set of data is consistent with a given probability distribution.
In one dimension the KS statistic is the maximum difference D
between the cumulative distribution functions of the data and the
model (or another sample). What makes the KS statistic useful is
that its distribution (in the case of the null hypothesis that the data
are drawn from the same distribution) can be calculated, giving the
significance of any non-zero value of D.
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Table 2. Best-fitting solutions.

Model  Function Ex Ex &o Offset o, oy a k S Pxs
1 Gaussian 0313 0683 38684 000 0974 .. 1583 2 per cent
2 Double Gaussian 0.373  0.582  38.513 0.41 0.497  1.02 1571 3 per cent
3 Lorentz 0.379  0.705 39.374 —-043 1.141 0.30 1515 26 per cent
4 Gaussian + exp 0.387  0.632  38.937 0.09 0.582 0.117 1.66 1504 35 per cent
4 68percentconf.errors  Togs  Toast  ooh 003 Do oo

lCorresponding to o in those models with a single spread parameter.

In order to make a 3D-KS test, we have followed the examples T 7 T T T T 1 E
of generalization of the KS test to two-dimensional distributions by 0.8 3 } Gaussian E
Peacock (1983) and Fasano & Franceschini (1987). The maximum 0.6 3 E
difference D statistic has been computed by measuring the differ- 0.4 3 E
ence between the fraction of observed and expected (by the model) 0.2 3 E
sources in each of the eight octants defined at the 3D positions O.g 2 T E
of each radio-detected source. In order to compute the number of 06E E double Gaussian_f
expected sources, 2000 Monte Carlo simulations have been used. 04F 3
Although the 3D-KS test is carried out on the radio-detected sample o2E E
only, it properly takes into account the effects of the radio upper lim- ok ' ; —
its. Indeed, the simulations have been carried by extracting a radio 08E ' ' E
luminosity (or not) for each observed source by taking into account 06FE Lorentz 3
its radio-detection limits and the model conditional probability dis- < 04F 3
tribution function P(Lg|Lx, Lx). The same 2000 simulations have o2k E
been used to compute the probability (significance) of observing the oE ; | —f —
measured maximum D statistic in the case of the null hypothesis [ 1
that the data are drawn from the same distribution. 08| -

I Gaussian+exp ]
5.3 The fits 06 Caussian ]
We have tried to fit the data assuming that the AGN radio luminos- I ]
ity, Lr, depends on average (i.e. with a spread in the radio luminos- 0.4 7]
ity axis) linearly on both the logarithmic X-ray and K-band (host - 1
galaxy) luminosities, drawing a plane in 3D log Lr—log Lx—log Lg o2k i
space. As already discussed in the Introduction, this assumption r i
is suggested by the observations made by many authors of the r ) N
existence of a BH fundamental plane: a similar relationship be- 0_3 _2 -1 0 1 2 3

tween the radio luminosity, X-ray luminosity, and black hole mass
(M), namely logLg = &rxlogLx + &rmlogM + constant (see
Merloni et al. 2003; Giiltekin et al. 2009a). The AGN radio lu-
minosity dependence on log Lx and log Ly was modelled by the
following relationship:

log Ly = &xlog Lx a1 + &x log Lk 43 + &o, ©)

where L, is the luminosity of the peak (mode) of the probability
distribution function of the spread, in erg s~! units, and the lumi-
nosities have been normalized to Lx = 10% ergs™' Ly 44 and Ly =
10% erg s7! Lk 43.

This spread was first modelled by a Gaussian function, G(X|0, o),
where X = log(Lg/Ly), centred on X = 0 with standard deviation
o. The best-fitting parameters are shown in Table 2 (model 1).
However, the 3D-KS statistic tells that there is only a 2 per cent
probability that the observed distribution is drawn from the model.
The probability distribution function of X is shown in Fig. 5. The
data have been plotted comparing in each bin of X the number of
observed (Nops) and expected (Nexp; by the model) sources. This
method (Nyps versus Ney, method) reproduces the observations and
consequently takes properly into account both radio detections and
upper limits (see e.g. La Franca et al. 1994; La Franca & Cristiani
1997; Matute et al. 2006, for similar applications). It is worth noting
that this fit, although not satisfactory, gives an indication that the

X:log(LR/EQ)

Figure 5. Probability distribution functions of X = log(Lr/LR), where
L, is the luminosity of the peak (mode) with the position shown by a
vertical continuous line (orange in the online article). The four distributions
correspond to the four best fits reported in Table 2. Other vertical lines (blue
in the online article) show the values of the means of the distributions, the
offsets from peak luminosity of which are reported in Table 2, and which

are used in the next figures to represent the best-fitting solutions.

PDF of Ly is quite large: o 2~ 1 dex, i.e. 68 per cent of cases are
included in a 2-dex wide distribution. Similar results have been
found by Merloni et al. (2003) and Giiltekin et al. (2009a).

As shown in Fig. 5 (and already observed by La Franca et al.
2010), the data show an excess of high-radio-luminosity sources
if compared with a symmetrical distribution. In order to take this
excess better into account we have assumed an asymmetrical dou-
ble Gaussian distribution with two o values: 0| and o, for radio
luminosities values below (lower) and above (upper) the value of
the radio luminosity, L,, of the peak of the probability distribution®
(i.e. for X values above or below zero) respectively. Indeed, the fit

3 Defined by equation (5).
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gives a larger spread, o, = 1.0, at X > 0 than measured at X <
0, where o; = 0.5. However, even with this model the 3D-KS test
does not gives good enough probability (3 per cent). As the PDF
is asymmetrical, we show in Fig. 5 the loci of both the peak and
the mean of the PDF. A better representation of the model (e.g. in
figures comparing the fit with the data) should, indeed, be carried
out using the position of the mean of the distributions. The offsets
between the mean and the mode (offset = mean - mode) of the PDF
are also listed in column 4 of Table 2.

Better results are obtained if the spread is modelled as proposed
by La Franca et al. (2010), assuming a double Lorentzian function
described by the parameters o) and o :

— P (X <0),
Am7|[1+<%> }
P(X) = 6
(X) o X =0 (6)

w14 %))

where, in order to obtain a continuous function at X = 0, A =
/ou/o1 and the parameter N is constrained by the probability nor-
malization requirement: f P(X)dX = 1. In this case (see Fig. 5 and
model 3 in Table 2) a 26 per cent 3D-KS probability is obtained.

An even better solution is obtained if, for X > 0, we add to
a Gaussian distribution G(X|0, o) (as in model 1) an exponential
function able to reproduce the high-radio-luminosity tail,

bG(X10,0) (X <0),

P(X) = {aXzeka +bG(X|0,0) (X >0), @

where the a and b parameters are not independent, as they are
constrained by the probability normalization requirement:

b=1—/ aX*e ¥ ax. ®)
0

The best-fitting solution (model 4 in Table 2; also see Fig. 5)
gives b = 0.9499, which implies that the added exponential tail at
high radio luminosities represents about 5 per cent (1-0.9499) of the
population (10 per cent for X > 0 where it is defined). In this case a
35 per cent 3D-KS probability is obtained. As already shown by La
Franca et al. (2010), the radio luminosity distribution of the AGN
does not show any evidence of a bimodal distribution and therefore
any definition of radio loudness is arbitrary. None the less, it should
be observed that (as demonstrated by these fits) the radio luminosity
PDF is not symmetrical but skewed with a long tail at high radio
luminosities. The introduction of this tail at X > 0 allows us to obtain
a narrower (o ~ 0.6 dex) complementary symmetrical Gaussian
distribution. The position of the peak of the radio distribution of
our best-fitting solution (number 4) is represented by the following
equation:

log Lr = 0.3970¢ log Lx a4 + 0.6370] log L 43 + 39.94% 7).
©))

Confidence regions for each parameter were obtained by min-
imizing the S function at a number of values around the best-
fitting solution, while leaving the other parameters free to float (see
Lampton et al. 1976). The 68 per cent confidence regions quoted
correspond to AS (=Ax?) = 1. The best-fitting solution is also
shown in Fig. 6, where the 3D distribution of the data is shown, and
Fig. 7, where the 2D edge-on view of the plane is shown. This last
figure helps us to understand how important it is to take into ac-
count the effects of using censored data. The fitting solution seems,
indeed, not to be a good representation of the distribution of radio
detections. This is because most of the X-ray samples have no radio

AGN radio luminosity distribution 7

log Lr [erg s_l}
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log Lx [erg S_l]
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Figure 6. 3D distribution in Lr—Lx—Lg space. Filled circles represent radio
detections and faint open triangles represent radio upper limits. The plane
of the distribution of mean Ly as a function of Lx and Lk, according to the
best-fitting solution (4) (Table 2), is shown.
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Figure 7. Edge-on view of the 3D plane. The more complete samples,
SWIFT and CLANS, are represented by squares (red and green respectively
in the online article). The continuous line shows the locus of the mean radio
luminosity probability distribution function of our best-fitting solution (4)

(Table 2). Radio upper limits are represented by arrows.

observations able to detect all sources and then the radio detections
are biased in favour of the most luminous radio sources. Indeed,
the mean radio luminosity of each of our samples decreases as a
function of the radio identification completeness fraction: the aver-
age radio luminosity of the samples with about 10 per cent radio
identifications is about log Lz = 40.0 erg s~!, while for the 90 per
cent complete samples the average luminosity is about 2 dex lower
(log Ly = 38.2 erg s~!; see Fig. 8). This bias is taken properly into
account with our ML fitting method, which takes into account up-
per limits. The fitting solution, indeed, reproduces fairly well the
distribution of the most radio-complete samples, such as SWIFT
and CLANS (see Figs 7 and 9).
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Figure 8. Mean radio luminosity of the radio-detected sources of each
sample as a function of the radio-detection completeness.
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Figure 9. Same as Fig. 6 but using only the more radio-complete SWIFT
(red circles in the online article) and CLANS (green circles in the online
article) samples. Radio upper limits are represented by open triangles. The
plane of distribution of the mean Lr as a function of Lx and Lg, according
to the best-fitting solution (4), is shown.

6 THE AGN FUNDAMENTAL PLANE

Many authors have observed the existence of a BH fundamental
plane relationship between the radio luminosity, X-ray luminosity
and BH mass (see the discussion in the Introduction). As a relation
has been observed between the BH mass and the bulge luminosity, it
is interesting to study whether the BH fundamental plane measures
are compatible or not with our measured relationship in the log Lg—
log Lx—log Lg plane (we remember that Lk is the galaxy stellar-
component luminosity). We have therefore estimated the BH masses

using the calibrated black hole versus K-band bulge luminosity
relation from Graham (2007):

10g(Myn/M@) = —0.37(M puge + 24) + 8.29. (10)

The bulge to total luminosity ratio (B/T) or bulge to disc ratio (B/D,
where B/T = [1 + D/B]™") are functions of the galaxy type (see
Dong & De Robertis 2006; Graham & Worley 2008). Therefore, in
order to derive the bulge luminosities properly from our measures
of the total galaxy luminosities it would be necessary to know the
morphological type of our galaxies. Unfortunately this informa-
tion is available only for a few tenths of galaxies belonging to the
local sample (SWIFT), while for the higher redshift galaxies no in-
formation is available. Moreover, such kinds of relationships have
been calibrated only using local samples, while it is well known
that the average galaxy mass and morphology change with redshift
(e.g. smaller and more clumpy galaxies occur with increasing red-
shift; Mosleh et al. 2012) and our sample reaches z ~ 5. However,
our aim is not to measure the BH fundamental plane but only to
verify how compatible our measure is with previous measures. Ac-
cording to Graham & Worley (2008), we have therefore assumed
an average value of B/T = 1/4 in the K bandpass (see e.g. Fiore
et al. 2012, for similar assumptions). Under this assumption, equat-
ion (10) corresponds to the relation

log(Myw/M@) = 0.925log Ly — 31.781, (11)

where Lk is the total (bulge plus disc) galaxy luminosity, expressed
in erg s~! units. We have compared our BH mass estimates with
those reported by Merloni et al. (2010), which have been obtained
via virial-based analysis of optical spectra of AGN1. On average,
our estimates are larger by 0.14 dex in solar masses with a spread
of 0.43 dex in solar mass units. This spread is compatible with the
typical spreads (~0.3-0.4 dex) of the BH mass estimates based on
both virial and scaling-relation methods (Giiltekin et al. 2009b), the
uncertainties in which, in our comparison, should both be taken into
account in the propagation of errors.

According to equation (11), our best-fitting solution (4) is trans-
formed in Lr—Lx—Mpy space into the relation

log Lg = 0.391og Lx + 0.68log Mgy + 16.61, (12)
while Merloni et al. (2003) measure

log Ly = 0.601log Ly + 0.78 log Mgy + 7.33, (13)

where Ly here is the 5-GHz nuclear luminosity in units of erg s!,

with 1.4-GHz radio luminosities converted into 5-GHz vL, lumi-
nosities assuming a radio spectral index o = 0.7 (where L, oc v™¢:
Condon, Cotton & Broderick 2002), Ly is the 2—10 keV nuclear
X-ray luminosity in units of erg s~ and Mgy is the black hole mass

in units of M (Merloni et al. 2003).

7 DISCUSSION AND CONCLUSIONS

As expected (see Fig. 10), our estimate of the BH fundamental plane
predicts lower radio luminosities if compared with the previous
measure by Merloni et al. (2003). The typical difference, computed
at 108 Mo BH mass and 10* erg s~! X-ray luminosity, is ~0.8 dex.
As already observed in Lr—Lx—Lg space, this difference is due to the
inclusion in our analysis of the contribution of the radio upper limits,
and indeed our best-fitting solution reproduces well the distribution
of the most radio-complete samples, such as SWIFT and CLANS
(Figs 11 and 12).

It should be noted that the fundamental plane of Merloni et al.
(2003) was constructed by including a sample of X-ray BH
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Figure 10. 3D distribution in Lr—Lx—Mpy space. The projection from Lgr—
Lx—Lk space of the plane of the best-fitting solution (4) is shown in cyan
in the online article. The fundamental plane from Merloni et al. (2003) is
shown in gold in the online article. Radio upper limits are represented by
open triangles.
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Figure 11. Same as Fig. 10 but using only the more radio-complete SWIFT
(red circles in the online article) and CLANS (green circles in the online
article) samples. Radio upper limits are represented by open triangles.

binaries. While it is interesting to see that the mass scaling is still
broadly consistent with that of Merloni et al. (2003) even in our
study of an AGN-only sample, the radio—X-ray coefficient is very
different: ~0.4 in this study, while low-accretion-rate (and low-
luminosity) X-ray BH binaries show a tight radio—X-ray correlation
with slope ~0.6. Interestingly enough, recent reanalysis of radio—X-
ray correlations in X-ray binaries suggest the presence of a second,
less radio-luminous branch (Gallo, Fender & Pooley 2003; Coriat
et al. 2011; Gallo, Miller & Fender 2012). In this framework, our
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Figure 12. Edge on view of the BH fundamental plane as measured by
Merloni et al. (2003) (dashed line, gold in the online article). The continuous
line (cyan in the online article) shows our solution for a sample of AGN
having average logM = 8.5. The more complete samples, SWIFT and
CLANS, are represented by squares (red and green respectively in the online
article). Radio upper limits are represented by arrows.

study could suggest that in AGN a second, less radio-luminous pop-
ulation should also be taken into account, which could correspond
to those objects with low values of the X = log(Lg/Lg) parameter
(see Fig. 5).

As already discussed in the Introduction, the measure of the
dependence in AGN of Lr on other physical quantities such as
Lx and the host galaxy K-band luminosity Lk is very useful in
order better to include AGN in galaxy evolution models where
AGN/galaxy feedback plays a relevant role.

Our analysis has allowed us to find a good analytical solution
represented by a plane in 3D log Lr—log Lx—log Lg space once a
wide (lo ~1 dex) asymmetrical spread in the radio luminosity
axis is included. This result confirms the study of La Franca et al.
(2010) who, studying the dependence of PDFs of Lz on Lx and z,
were able to model the 1-dex wide (1o) spread in the AGN radio
luminosity distribution. These results show that a proper study of the
correlation between different band luminosities in AGN (or other
sources) cannot be performed without taking into account censored
data.

A clear example, in this framework, is the measure of the BH fun-
damental plane in 3D log Lr—log Lx—log M space. After converting
our measures of the host galaxy K-band luminosity into BH masses
using scaling relations, our best-fitting solution corresponds to a BH
fundamental plane that on average predicts 0.8 dex lower values for
the AGN radio luminosities.

It should be pointed out that, at variance with many similar sta-
tistical studies, our analysis is based on a compilation of complete,
hard X-ray selected AGN samples, where both AGN1 and AGN2
are included. Therefore, our results should better represent the be-
haviour of the whole AGN population. However, it will be interest-
ing to check the 3D correlation between Lg, Lx and Lk in complete,
radio-selected samples. As the Merloni et al. (2003) sample was
a hybrid sample without a clear selection criterion, it is plausible
that some of the differences found in the present work could be
due to the specific selection criterion. In very general terms, if we
do not believe we know any of the three terms (X-ray luminosity,
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radio luminosity and BH mass) to be the primary physical driver, all
should be treated as equal in a correlation study (but this is beyond
the purpose of this paper).

In order to improve these analyses, it would be very useful to ob-
tain deeper radio observations of complete samples of AGN com-
bined with detailed optical-NIR-MIR SED observations. These
data, when available, will eventually allow us to measure the de-
pendence of the radio luminosity distribution (i.e. the feedback) on
star and BH masses, their derivatives (star formation and accretion
rates) and redshift. This result could be achieved by complementing
multiwavelength surveys with observations carried out with new ra-
dio facilities such as the Expanded Very Large Array and the Square
Kilometer Array.
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NOTE ADDED IN PRESS

It is brought to our attention that, after the submission of this pa-
per, a new relationship between the BH mass and K-band bulge
luminosity has been published by Graham & Scott (2012). After
a quick analysis, we expect that, using this new relationship, our
fundamental plane estimate would be tilted such as that the distance
from the plane of Merloni, Heinz & Di Matteo (2003) will remain
of about 0.8 dex for logMpy 8, while it will increase at larger BH
masses and decrease at smaller BH masses.
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Appendix B
Proposals

In this Appendix the various successful observing proposals in which I have
been involved are listed. These topics are not strictly related to the main

project on which I worked during my Ph.D. thesis.
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Application for LBT observing time Category: A
Period Jan-Jun 2011 Deadline: Nov 9th, 2010, 2pm CEST Submit using: www.tng.iac.es/lbt/submit.html
1. Title

The evolution of the Mgy — Mg, relation in obscured AGNs at high redshift

2. Abstract

High redshift unobscured AGNs are found to have black hole-to-stellar mass ratios (Mpu/Mstar) higher than
in local galaxies, implying that black holes form faster than their host galaxies. Cosmological models ascribe
this effect to the enhanced galaxy merging rate at early epochs, which boosts black hole accretion much
more than star formation. Within this scenario obscured AGNs at high redshift should have either the same
Mpn/Mgtar ratio as unobscured AGNs (strict unified model), or even higher Mpu/Mgtar, since such models
expect obscured AGNs to be in an earlier evolutionary phase. However, we have recently determined the
Mpu /Mgty ratios in three obscured AGNs at z~1-2 and found that they are in agreement with the ratio
observed in local galaxies (and lower than observed in unobscured AGNs). If confirmed, our result would
imply a major revision of cosmological models of BH-galaxy coevolution. However, our result is still tentative,
since based only on three obscured AGNs at high-z. We propose LUCIFER MOS observations of a much
larger sample of ~50 high-z obscured AGNs with the aim of detecting their broad Ha, to estimate their BH
masses through the virial methods and, therefore, locate them on the Mgy — Mg, diagram at high-z.

3a. Number of requested hours per telescope and instrument

LBT
LBC Binocular LUCIFER
22
4. Temporal Scheduling Constraints 5a. Past and future of the project
a) Hours already awarded to the project:
b) Hours foreseen to complete the project:
(not including this request)
ab. Soft TOO [ 4c. Hard TOO [
6. Principal investigator 7. Co-investigators (name and institution)
R E. Sarria - Univ. Roma III
name Roberto Maiolino F. La Franca - Univ. Roma III
R. %’/}ore - OAII:J{ _—
i - i ; ; . Marconi - Univ. Firenze
Institute élgﬁlg Osservatorio Astronomico di M. Elvis - CEA
F. Civano - CfA
Lo . ) A. Comastri - OAB
Address via di Frascati 33, 00040, Monte Porzip F. Pozzi - OAB
Catone C. Vignali - Univ. Bologna
M. Brusa - MPE
e-mail roberto.maioilno@oa-roma.inaf.it I\A/I I\S/I;flr\}gtr;l(; i %g%
Phone 06 94286428




INAF - TIME ALLOCATION COMMITTEE

Application for observing time Category: A
Period AOT23 (Feb11-Julll) Deadline: October 15th, 2010 Submit using: www.tng.iac.es/submit.html
1. Title

Spectroscopic identification of elusive, highly obscured, type 2 QSOs

2. Abstract

Recent works have suggested that selection criteria based on mid-IR properties, i.e. extreme colors and bright
flux levels, can be used to reveal a population of dust-enshrouded, extremely-luminous quasars at z ~1-2.
These objects are believed to belong to a still missing (but predicted) population of highly obscured (and
X-ray absorbed) AGN, possibly linked to a key early phase of massive galaxies/quasars co-evolution.

Using data coming from the Spitzer Wide-area Infrared Extragalactic Survey (SWIRE) and XMM and Chandra
telescopes, we have selected a sample of candidate highly obscured AGNs having Fau4,,,,,/Fr ratios >2000.
Here we request to carry out NICS+Amici spectroscopy in order to measure the redshift and confirm the

AGN nature of 9 of these candidates. _
The good effectiveness of this method has been recently tested by us at VLT (Sacchi et al. 2009) and

SUBARU (Lanzuisi et al. 2009) on few (~10) objects.

3a. Number of requested hours per telescope and instrument

TNG REM

DOLORES |DOLOR.+MOS SARG NICS Visitor Instr. ROSS REMIR

3b. Observing modes TNG: Visitor X| Queuing ToO

REM: Rapid Response Queuing ToO

4a. Preferred months 5a. Past and future of the project
first choice: April second choice: March a) Hours already awarded to the project: 0

b) Hours foreseen to complete the project: 0

4b. Other scheduling constraints (use also box 14) (not including this request)

5b. Long Term D 5c. Very Large Program D

6. Principal investigator 7. Co-investigators (name and institution)
. F. Fiore - INAF/OAR
name Fabio La Franca R, Maiolino - IN/AF JOAR
. . . ) G. Lanzuisi — INAF/OAR
Institute Universita degli Studi Roma Tre E. Piconcelli - INAF/OAR
G. Melini — Univ. Roma Tre
Address Via della Vasca Navale 84, 00146, Roma C. Vignali — Univ. Bologna

C. Gruppioni — INAF/OABo
e-mail lafranca@fis.uniromad3.it

Phone +39 06 5733 7038




* EUROPEAN SOUTHERN OBSERVATORY

+
.3 E S Organisation Européenne pour des Recherches Astronomiques dans I’'Hémisphere Austral
Furopaische Organisation fiir astronomische Forschung in der stidlichen Hemisphére

S

OBSERVING PROGRAMMES OFFICE e Karl-Schwarzschild-Strale 2 e D-85748 Garching bei Miinchen e e-mail: opo@eso.org e Tel.: +49-89-32 00 64 73

APPLICATION FOR OBSERVING TIME PERIOD: 88A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of Cols and the agreement to act according to the ESO policy and regulations, should observing time be granted

1. Title Category:  A-1
The First Direct Measure of the Complete (AGN1+AGN2) Local Black Hole Mass
Function of the AGN

2. Abstract / Total Time Requested
Total Amount of Time: 0 nights VM, 25 hours SM

While the AGN (hard X-ray) luminosity function is fairly well known up to z ~4, we have no reliable measures
of the AGN (AGN1 & AGN2) Super Massive BH Mass Function (SMBHMF). Previous studies have derived
the SMBHMF by using, in the optical band, virial based techniques on samples of broad line AGNs (AGN1).
But these measures are all biased against AGN2 where the BLR is not visible in the optical. There is growing
observational evidence that AGN1 and AGN2 have on average different luminosities and hosting galaxies,
and then probably different masses. We propose to measure the BH masses of all 35 AGN2 from the (very
complete) 22-month AGN SWIFT/BAT sample with 0<a<12 and 6<10. We will use the new virial based
methods available in the NIR, by detecting the broad components in the Pag and Paa hydrogen lines. Our
deep proposed observations should have a success rate higher than 50% in detecting these broad components.

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 88 ISAAC 25h dec n 1.0 CLR s

A/alt 88 SINFONI 20h dec n 1.0 CLR s

4. Number of nights/hours Telescope(s) Amount of time

a) already awarded to this project:

b) still required to complete this project: UuT3 25h

5. Special remarks:

Fabio La Franca, lafranca®©fis.uniroma3.it, |, Universita Roma Tre,Dipartimenta
6. Principal Investigator: di Fisica

6a. Co-investigators:

F. Fiore INAF - Osservatorio Astronomico di Roma,I

R. Maiolino INAF - Osservatorio Astronomico di Roma,l

A. Marconi Universita di Firenze,Dipartimento di Astronomia e Scienza dello Spazio,l
C. Vignali Universita di Bologna, Dipartimento di Astronomia,l

Following Cols moved to the end of the document ...

7. s this proposal linked to a PhD thesis preparation? State role of PhD student in this project
Yes / G. Melini. Data important for PhD thesis / mid-course




INAF - TIME ALLOCATION COMMITTEE

Application for observing time
Period AOT24 (Augll-Janl2)

Category: A

Submit using: www.tng.iac.es/submit.html

1. Title

The First Direct Measure of the Complete (AGN1+AGN2) Local Black Hole Mass Function of the AGN

2. Abstract

While the AGN (hard X-ray) luminosity function is fairly well known up to 2 ~4, we have no reliable measures
of the AGN (AGN1 & AGN2) Super Massive BH Mass Function (SMBHMF). Previous studies have derived
the SMBHMF by using, in the optical band, virial based techniques on samples of broad line AGNs (AGN1).
But these measures are all biased against AGN2 where the BLR is not visible in the optical. There is growing
observational evidence that AGN1 and AGN2 have on average different luminosities and hosting galaxies,
and then probably different masses. We propose to measure the BH masses of all 37 AGN2 from the (very
complete) 22-month AGN SWIFT/BAT sample with 22<a<10 and §>-10. We will use the new virial based
methods available in the NIR, by detecting the broad components in the Pag and Paa hydrogen lines. Our
deep proposed observations should have a success rate higher than 50% in detecting these broad components.

3a. Number of requested hours per telescope and instrument

TNG REM
DOLORES |DOLOR.+MOS SARG NICS Visitor Instr. ROSS REMIR
29
3b. Observing modes TNG: Visitor X| Queuing ToO
REM: Rapid Response Queuing ToO
4a. Preferred months 5a. Past and future of the project
first choice: oct second choice: nhov a) Hours already awarded to the project: 0

4b. Other scheduling constraints (use also box 14)

b) Hours foreseen to complete the project: 25
(not including this request)

5b. Long Term D 5c. Very Large Program D

6. Principal investigator

name Fabio LA FRANCA

Institute Dip.di Fisica, Univ. Roma Tre

Address Via della Vasca Navale 84

e-mail lafranca@fis.uniromad3.it

Phone 06 5733 7038

7. Co-investigators (name and institution)

F. Fiore — INAF/OAR
R. Maiolino — INAF/OAR

A. Marconi — Univ. Firenze
C. Vignali — Univ. Bologna

M. Brusa — MPE/Munich
A. Bongiorno — INAF/OAR
A. Antonelli — INAF/OAR

S. Bianchi — Univ. Roma Tre
G. Melini — Univ. Roma Tre




INAF — LBT OBSERVING PROGRAMS

Application for LBT observing time Category: B
Period Sep 2012-Jun 2013 Deadline: May 18th, 2012, 2pm CEST  Submit using: www.tng.iac.es/Ibt/submit.html

1. Title Strategic Program D
The First Direct Measure of the Complete (AGN1+AGN2) Local Black Hole Mass Function of AGN

2. Abstract

While the AGN (hard X-ray) luminosity function is fairly well known up to 2 ~4, we have no reliable measures
of the AGN (AGN1 & AGN2) Super Massive BH Mass Function (SMBHMF). Previous studies have derived the
SMBHMF by using, in the optical band, virial based techniques on samples of broad line AGNs (AGN1). But
these measures are all biased against AGN2 where the Broad Line Region (BLR) is not visible in the optical.
There is growing observational evidence that AGN1 and AGN2 have on average different luminosities and
hosting galaxies, and then probably different masses. We propose to measure the BH masses of a subsample
of 12 AGN2 randomly selected from the (very complete) 22-month AGN SWIFT/BAT sample. We will
use the new virial based methods available in the NIR, by detecting the hidden broad components in the
Paa1.875 and PapB1.282 and Hell.083 lines. According to the very preliminary analysis of our ISAAC/VLT
P88 observations of 23 AGN2, we should have a success rate higher than ~40% in detecting the BLR
component. The full (LBT4VLT) sample will allow us to reach the statistical significance needed to verify
wether the AGN2 SMBHMEF is different than that of AGN1.

3. Number of requested hours per instrument

LBC LUCI1 MODS1

13.6

4. Principal investigator 5. Co-investigators (name and institution)

name Fabio LA FRANCA

e T . F. Fiore — INAF/OAR
Institute Dip.di Fisica, Univ. Roma Tre

R. Maiolino — Univ. Cambridge
A. Marconi — Univ. Firenze

Address Via della Vasca Navale 84 1(\3/[ \]glféagl:hggg/ﬁﬁ?f}?a

A. Bongiorno — INAF/OAR
A. Antonelli — INAF/OAR

S. Bianchi — Univ. Roma Tre
Phone 06 5733 7038 G. Melini — Univ. Roma Tre
F. Onori — Univ. Roma Tre.

e-mail lafranca@fis.uniromad.it




Appendix C
Cosmology

In the following Sections some hints on the cosmographic parameters and
distance measures in cosmology are given. This treatment has been adopted
from Hogg (1999).

C.1 Cosmographic parameters

The Hubble constant Hy is the constant of proportionality between the re-

cession speed v and the distance d in the expanding universe:
v = Hoyd, (C.1)

where the subscripted 70" is referred to the present epoch, as the Hubble
constant H varies with time. Although Hj has the dimensions of an inverse

time, it is usually written as:
Hy = 100h km s~ Mpc ™2, (C.2)

where h is in the range 0.6 — 0.9. The inverse of the Hubble constant is the
Hubble time tg:

1
ty = T 9.78 x 100! yr = 3.09 x 10"~ ! s, (C.3)
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and the speed of light ¢ times the Hubble time is defined as the Hubble
distance Dyg:
c

Dy = - 3000k Mpc = 9.26 x 10*h~! m. (C.4)

These three quantities set the scale of the Universe. The mass density p and
the value of the cosmological constant A are instead dynamical properties of
the Universe, affecting the time evolution of the metric, but in this Section
we will treat them as purely kinematic parameters. They can be made into

dimensionless parameters: the matter density Qy:

87TGp0
Onr — C.5
M7 ogE (C5)
and Qx: A
O, — ¢ C.6
AT 3HE (C.6)

where the subscripted ”0” indicates again that the quantities are to be eval-
uated at the present epoch. A third density parameters 2, measures the

curvature of space, and can be defined by:
QM+QA+Qk =1. (C?)

These parameters completely determine the geometry of the Universe if it is
homogeneous, isotropic and matter-dominated.

Several different models have been proposed throughout the years, each push-
ing the observational limits in different directions. The currently accepted
paradigm is the A—CDM model, in which, as assumed in this work, {2y ~ 0.3,
Qpx ~ 0.7 and Q. = 0.

C.2 Comoving distance

The comoving distance d D¢ between two nearby objects in the Universe is

the distance between them which remains constant with epoch if the two
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objects are moving with the Hubble flow (i.e. with the expanding Universe).
In other words, it is the distance between them which would be measured
with rulers at the time they are being observed (the proper distance) divided
by the ratio of the scale factor of the Universe then to now; it is the proper
distance multiplied by (1 + z).

The total comoving distance D¢ along the line of sight from the observer to
a distant object is computed by integrating the infinitesimal distance con-
tributions 6 Do between nearby events from z = 0 to the redshift z of the
source.

Let us define the function

E(2) = /(1 4 2)3 + Q(1 + 2)2, (C.8)

which is proportional to the time derivative of the logarithm of the scale
factor, a(t)/a(t). Since dz = da, dz/FE(z) is proportional to the time of
flight of a photon traveling across the redshift interval dz, divided by the
scale factor at that time. Since ¢ = cost, this is a proper distance divided by
the scale factor, which is the definition of the comoving distance. The total
lie of sight comoving distance is therefore given by integrating
: Qs

De = DH/O SO (C.9)
The line of sight comoving distance is the fundamental distance measure in
cosmography, since all other distance measures are quite simply derived in

terms of it.

C.3 Angular diameter distance

The angular diameter distance Dy is defined as the ratio of the physical size
of an object to its angular size in radians. It is commonly used to convert

angular separations in telescope images into proper separations at the source.
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The angular diameter distance is related, in a flat universe (€, = 0), to the

line of sight comoving distance by

Dy

Dy = )
A 1+2

(C.10)

C.4 Comoving volume

The comoving volume Vi is the volume measure in which number densities of
non evolving objects locked into the Hubble flow are constant with redshift.
Since the derivative of the comoving distance with z is 1/E(z), the angular
diameter distance converts a solid angle df) into a proper area, and two
factors (1 + z) convert a proper area into a comoving area, the comoving

volume element in a solid angle df2 and redshift interval dz is:

(1+ 2)*D3

dVe = Dy 5 2dQdz, (C.11)

where, in a flat universe, the angular diameter distance is expressed as in
Equation C.10.
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